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Abstract
The Cassini spacecraft has been exploring the complex and fascinating Saturnian system for
over a decade. This thesis presents Cassini observations employed for the study of evolved
stars. Utilising the on-board near-infrared spectrometer, we demonstrate the recovery of
flux calibrated stellar spectra. Data were taken from a publicly-accessible archive, and the
overwhelming majority were obtained for various spacecraft engineering and calibration
purposes; their application to stellar astrophysics being an opportunistic extension to
the mission outcomes. An atlas of stellar spectra has been compiled utilising existing
observations acquired to monitor the performance of the instrument. Exploiting archival
observations of stars as they are occulted by edges within Saturn’s rings, we demonstrate
the recovery of stellar spatial information, specifically angular diameters, and compare
these to measurements from ground-based interferometry. High-resolution two-dimensional
images of stellar environments are reconstructed by tomographically combining these
occultation observations from different edges within the planetary rings. An extensive
astrophysical study of the evolved star Mira employing all of these techniques over multiple
epochs reveals spectrally dependant molecular shells in its extended atmosphere, and allows
for the appraisal of state-of-the-art models which aim to describe the atmospheres of such
stars. Finally, the carbon star, IRC+10216 is shown to be embedded in a dynamic shroud
of thick dusty circumstellar clouds, challenging existing models of the inner structure of
the stellar environment.
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CHAPTER1
Motivation
One of the greatest ongoing technical challenges faced by astronomers is the continuing
requirement for larger telescopes. This has been the case since observing the sky first
became a scientific pursuit and continues to the present day. One of the main drivers
behind this continuing endeavour is the higher angular-resolutions obtained through a
larger pupil diameter. As improving this resolution doesn’t require a filled pupil, it has
been possible to develop interferometers with long baselines, delivering angular resolutions
that would be completely impractical to attempt with large monolithic mirrors (Labeyrie,
Lipson and Nisenson, 2006). However improving this resolution requires the construction
of large facilities with a correspondingly large financial burden. For this reason, alternative
approaches which can achieve high-angular-resolutions, whilst potentially avoiding the
corresponding issues of size and cost are important to investigate.
The Cassini spacecraft has been exploring the Saturnian system for over a decade, and
has revolutionised our understanding of the planet, its rings, icy moons, magnetosphere,
and the complex interactions between these. In a time of declining budgets for space
research, and a shift in focus to smaller missions, it is essential that the maximum scientific
yield is extracted from each mission. This thesis details a project which uniquely exploits
existing observations made with the Cassini spacecraft for spectral and high-angular-
resolution stellar studies. We detail the process necessary to extract spectral information
from these observations, and we demonstrate how observations of stellar occultations by
the rings of Saturn can be used to measure the spatial structure of stellar targets utilising
a relatively small on-board telescope.
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1.1 Outline
This document starts with an exploration of the current state of the literature in the
disparate fields which have been combined in this work in Chapter 2
The body of the work presented is based on published papers, which comprehensively
describe the use of Cassini-VIMS for the study of evolved stars. The first of these is
presented in Chapter 3 and explains the extraction and calibration of infrared stellar
spectra, which are compiled into a comprehensive stellar spectral atlas. A series of three
papers follows, starting with Paper I presented in Chapter 4, which describes the use of
Cassini observations of stellar occultations by Saturn’s rings to make spatial measurements
of stellar targets. It examines the necessary orbital and ring geometry and the fitting
of a simple stellar model to observations, with an exploration of the method’s noise and
limitations. This is followed by an explanation of kronocyclic tomography in Chapter 5
(Paper II), which is the process of recovering tomographic images from these occultation
observations and illustrates the effectiveness of these reconstructions as well as some
necessary further detail on the occultation geometry. The last of this series is presented
in Chapter 6 (Paper III) and combines all facets of the technique demonstrated thus far
to provide an astrophysical exploration of the evolved star Mira, and its circumstellar
environment. Chapter 7 presents Paper IV which combines kronocyclic tomography
with aperture masking interferometry, to present eight epochs of high-angular-resolution
stellar imagery revealing the dynamic clouds of stardust enveloping the carbon star
IRC+10216. This document concludes with Chapter 8 drawing all of these results together
and investigating the future prospects of this technique.
A reference list of geometric parameters relevant to the occultation geometry along
with a description and explanatory figures is given in Appendix A. Appendices B and C
present two conference papers which provide a general overview of the project at different
stages and for different target audiences. Appendix B was based on a presentation given
at the SPIE Astronomical Telescopes + Instrumentation Conference in Montreal, June
2014. The comprehensively peer reviewed Appendix C is based on a presentation given at
the 14th Australian Space Research Conference in Adelaide, October 2014.
2
CHAPTER2
Literature review
This chapter explores both the current state of the literature, and the development of
ideas, theories, and observations over time in the disparate fields which come together in
this project.
Starting with an exploration of our understanding of evolved stars in Section 2.1,
we look at the life cycle of solar type stars (Section 2.1.1), the development of models
describing their behaviour (Section 2.1.2), and the specific examples of Mira (Section 2.1.3)
and IRC+10216 (Section 2.1.4). Section 2.1.5 examines some of the particular advantages
available when observing nearby evolved stars as well as some of the challenges faced.
The Cassini spacecraft is described in Section 2.2 including a detailed look at some of the
unique challenges faced by such an ambitious mission. The on-board spectrometer, sensitive
to the visible and near infrared and used in this project, is discussed in Section 2.2.1.
Section 2.3 investigates the recovery of high-angular-resolution observations through
the use of occultations. Historically, these have primarily used the moon as an occulter
(Section 2.3.1), however, other celestial bodies are also used as occulters (Section 2.3.2).
Applications of the use of the rings of Saturn as an occulter are examined in Section 2.3.3.
The identified knowledge gaps in the literature are summarised in Section 2.4.
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2.1 Evolved stars
Typical solar type stars spend the vast majority of their lives in a stable state, steadily
burning hydrogen in their cores. Once this nuclear fuel source has been exhausted they
undergo a series of dramatic changes, culminating in an era known as the Asymptotic
Giant Branch (AGB) as detailed in Section 2.1.1. Heavy mass-loss from these evolved stars
provides the majority of the chemical enrichment to the interstellar medium (ISM). Other
enrichment mechanisms, such as supernovae, are responsible for the heavier r-process
elements, whilst AGB stars produce the generally lighter s-process elements. In the Milky
Way, AGB stars provide the dominant chemical enrichment process, accounting for up to
75% of the matter returned to the ISM (Sedlmayr, 1994). This grand Galactic recycling
scheme sees chemical enrichment from AGBs feeding directly into the next generation of
star-birth, producing stars with differing metallicities and properties. AGB dominance in
this process has been the case after the Galaxy’s first 500 million years had passed. It
was therefore the situation at the time of the formation of our own solar system (Gall,
Andersen and Hjorth, 2011), and it can be assumed that AGB outflows were a necessary
step in the formation of stars like our sun, planets like our Earth, and even the Earth’s
habitable biosphere.
2.1.1 The life cycle of a solar type star
The formation of a protostar is precipitated by the collapse of a giant molecular gas
cloud within the ISM. As this cloud collapses, the protostar heats up due to gravitational
potential energy being converted into kinetic energy. Once a critical density is reached in
the core of the protostar, nuclear fusion of hydrogen commences and it becomes a main
sequence star, as depicted on the Hertzsprung-Russell (HR) diagram in Figure 2.1. For a
solar mass star, it will then remain on the main sequence for approximately the next ten
billion years (Cameron, 1988). During this time the star will slowly cross the main sequence,
with brightness and surface temperature increasing slightly with age. At the end of this
stage the hydrogen in the core is mostly depleted and the rate of fusion slows. Hydrostatic
equilibrium is lost, the thermal support fails to oppose the gravitational contraction of the
core, causing the star to partially collapse. This leads to the commencement of hydrogen
fusion in a relatively thin layer around the core, and consequently expands the outer layers
of the star, forming a red giant. At this stage the star will slowly gain brightness, climbing
the Giant Branch, and increasing the amount of helium in the core. Once the temperature
and pressure in the core become sufficient to fuse helium, a phenomenon known as the
4
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“helium flash” will occur. This results in the expansion of the core, the shrinking of the
stellar envelope, and the overall lowering of energy production and hydrogen burning in
layers around the shell ceases. The surface temperature of the star then increases as the
star moves along the horizontal branch until the core’s helium is exhausted. The stellar
core is now inert and consists of primarily oxygen and carbon, however, the star continues
to fuse hydrogen and helium in concentric shells around the core. The outer layers of
the star again expand, and the star ascends the Asymptotic Giant Branch, becoming
a pulsating Mira variable and experiencing severe mass-loss. The hydrogen and helium
burning layers around the core begin to become depleted and the star is again no longer
able to maintain its equilibrium. At this final stage the remaining outer layers of the
star are blown off forming a planetary nebula and the core remains, gradually cooling to
become a white dwarf (Cayrel de Strobel, 1996).
2.1.2 Mira Variables
One of the more common types of AGB star is the Mira variable, with over 6000 known
to exist in our interstellar neighbourhood (Hoﬄeit, 1997). These stars, named after their
archetype, Mira (‘The Wonderful’ in Latin), are pulsating variable stars with periods on
the order of a year. These pulsation periods are known to be highly stable from monitoring
data spanning over a century (Zijlstra, Bedding and Mattei, 2002). They evolve from
stars with initial masses in the range of 0.8 to 8.0M, and have pulsations spanning large
amplitude ranges of up to 9 visual magnitudes (Woodruff et al., 2008). Mira variables are
also known to exhibit substantial stellar winds with some stars having mass-loss rates as
high as 1× 10−4M/yr (Matsuura et al., 2009).
Energy production within Mira variables occurs in concentric hydrogen and helium
burning shells around the inert, carbon/oxygen core (Martin et al., 2007). Some mixing of
these inner reaches with the tenuous outer layers is known to occur, providing chemical
enrichment of material near the stellar photosphere (Marengo, 2009). Stable dust within
a stellar wind is readily found at at distances of ∼10× the radius of the stellar photo-
sphere (Ireland, Scholz and Wood, 2008). These winds are observed to flow into the ISM,
mixing with it and producing a trail of enrichment as the star moves. This trail can be
observed in the ultraviolet, and for Mira itself it spans more than 2° across the sky as is
shown in Figure 2.2 (Martin et al., 2007).
There are two primary types of Mira variable depending on the ratio of carbon to
oxygen in their atmospheres, with the oxygen rich referred to as M-type, and the carbon
rich known as C-type. Due to the differences in chemistry, the production of the stellar
5
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FIGURE 2.1: An indicative Hertzsprung-Russell diagram showing the luminos-
ity/temperature relationship of stars. The primary stellar populations are shown
in blue with most stars for most of their lives residing along the main sequence.
The orange, red and green curve indicate the approximate evolutionary track of an
evolved solar mass star as it moves away from the main sequence and passes through
its red giant stages ultimately ending as a white dwarf. The stars explored in detail
in this thesis are on the Asymptotic Giant Branch, or AGB.
wind and the cause of the mass-loss and outflows varies substantially between the M and
C-type Miras. The stellar wind in C-type Mira variables is found to emerge readily in
models of carbon rich stellar atmospheres. Each stellar pulsation elevates tremendous
amounts of stellar material, allowing it to cool and condense into carbonaceous dust grains.
The dust grains are highly opaque in the visible and infrared wavelengths, and readily
absorb stellar photons from the photosphere whose energy distribution usually peaks in the
near infrared. Through this absorption the dust grains are accelerated radially, entraining
atmospheric gas and producing an accelerating stellar wind (Winters et al., 2000; Sacuto
et al., 2010; Nowotny et al., 2011). Models of M-type stars are currently unable to produce
convincing stellar winds, in spite of attempts to find a similar physical process to drive the
wind. Models using scattered stellar photons from micron scale transparent grains have
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FIGURE 2.2: An ultraviolet image from NASA’s GALEX space telescope of Mira
and its outflow over the past 30 000 years (Martin et al., 2007)
been produced, and have had some success at producing winds (Höfner, 2008), and there
has been some evidence of such grains detected with interferometric polarimetry (Norris
et al., 2012). The Cool Opacity-sampling Dynamic EXtended (CODEX) atmosphere
models (Ireland, Scholz and Wood, 2008; Ireland, Scholz and Wood, 2011; Scholz, Ireland
and Wood, 2014) have been demonstrated to be able to generate many of the observable
features of M-type Miras, and also allow for the substantial cycle to cycle variations which
Mira variables are known to exhibit.
2.1.3 Mira
The variability of Mira (o Cet) was first discovered over 400 years ago when it was observed
that the star had reappeared in the sky after fading entirely from sight. This was the
first time a star had been observed to reappear after vanishing entirely from the sky, as
novae had been known to do. The star has a 330 day period, over which it’s brightness
changes by 7 visual magnitudes (Karovska, Marengo and Wood, 2002). It is astronomically
near to the Earth, with measurements ranging from 92 (Van Leeuwen, F., 2007) to 107
parsecs (Knapp et al., 2003). Due to this proximity, and the inherently large size of Mira
variables, it is an ideal target for observing the inner working of such a stellar system,
including imaging the stellar atmosphere.
Mira may be the archetype of the Mira variables, but it is far from being an exemplar of
the class with several unusual attributes. Most significantly, it is not alone but is known to
be part of a binary system. The companion has previously been assumed to be a compact
hot white dwarf (Karovska, Marengo and Wood, 2002). Somewhat controversially, some
now consider it to be more likely a low mass main sequence star, as the X-ray, and total
luminosity is believed to be too weak to have originated from a dwarf (Ireland et al., 2007).
Verifying either stance is difficult, as the radiation from Mira B is dominated by accretion
of material from Mira A. Efforts by Ireland et al. (2007) to image the system and analyse
7
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its spectra have revealed structure consistent with the presence of a 10AU accretion disc
around a 0.7M main sequence companion. There have been several publications of
asymmetries in the outflow of Mira A, towards, Mira B (Karovska, Marengo and Wood,
2002; Ireland et al., 2007; Marengo, 2009).
2.1.4 IRC+10216
IRC+10216, also known as CW Leo, is the nearest carbon star and is the brightest
non-solar-system object in the sky from 5 to 20 µm (Becklin et al., 1969). It has a 649 day
period and is believed to be a C-type Mira variable approaching the end of the AGB prior
to becoming a planetary nebula, and it is a distinct possibility that this final transition
is already in progress. The star itself is entirely enveloped in a thick dusty environment
containing complex irregular arc-like structures extending out to 320mas (Mauron and
Huggins, 1999; Mauron and Huggins, 2000; Leão et al., 2006; Decin et al., 2011). This
dusty environment strongly extincts the starlight, making it very difficult to a make
measurements of the star itself across the heavily obscured visual and infrared wavebands.
The inner regions of the dusty stellar environment have been imaged to reveal a
complex system of outward moving structures. There have been observations suggesting
a bipolar structure (Kastner and Weintraub, 1994; Osterbart et al., 2000; Kim et al.,
2015), however the direction of the symmetry of the bipolarity is different for each of these
epochs. The recovery of high resolution maps of the inner circumstellar environment has
allowed the development and evolution of various features to be tracked over time (Weigelt
et al., 1998; Haniff and Buscher, 1998; Tuthill et al., 2000; Weigelt et al., 2002; Richichi,
Chandrasekhar and Leinert, 2003; Tuthill, Monnier and Danchi, 2005). Much of the focus
of these works was to in some way identify the location of the stellar photosphere within
the maps, however, these have been generally inconsistent and none can be considered
definitive.
2.1.5 Observing evolved stars
The study of AGB stars benefits from certain advantages, yet also faces several difficulties.
The large physical size of AGB stars allows those nearest to the Earth to be resolved,
enabling the inner regions of these stars’ circumstellar environments to be studied: a
feat only recently becoming possible for most main sequence stellar targets with the
advent of long-baseline interferometry. Techniques which enable the imaging of these
inner regions are examined in Section 2.1.5.1. Meanwhile, AGB stars predominately
emit flux in the near infrared, which makes ground-based spectral studies difficult due to
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molecular contamination by the Earth’s atmosphere. Section 2.1.5.2 compares spectroscopic
instruments which have been able to study stellar spectra from the ultraviolet to the
mid-infrared, revealing the unsurveyed parts of the near-infrared.
2.1.5.1 High-angular-resolution stellar imaging
The angular-resolution obtainable by a telescope is determined by the wavelength being
observed, and the diameter of the telescope, as λ
D
(Labeyrie, Lipson and Nisenson, 2006).
Therefore, in order to obtain a superior resolution a larger diameter telescope is required,
however, cost and engineering limitations inhibit the size, and therefore the angular-
resolution achievable.
An interferometer uses two or more isolated telescopes separated by significant baselines.
By interfering the light from each aperture it is possible to make spatial measurements with
angular-resolutions given by λ
B
(Labeyrie, Lipson and Nisenson, 2006). These telescopes
can be placed considerable distances apart, allowing measurements with angular-resolutions
far exceeding that available to to a single large telescope. Each unique baseline in an
interferometer provides a Fourier component of the image, and with sufficient diversity of
baseline length and angle there is adequate information to recover the full stellar image.
There have been a number of interferometers whose observations have been used to
recover high-angular-resolution images of stars. The first infrared image from an aperture
synthesis array was recovered by COAST (The Cambridge Optical Aperture Synthesis
Telescope) (Baldwin et al., 1996). With baselines of up to 67m, it was also used for
imaging the surface of evolved stars such as Betelgeuse (Young et al., 2000a; Young
et al., 2000b). NPOI (Navy Prototype Optical Interferometer, and later Navy Precision
Optical Interferometer) (Armstrong et al., 2013), has baselines up to 437m, and obtained
some of the earliest images in visible bands (Hummel et al., 1998). CHARA (Center for
High-Angular-Resolution Astronomy) can observe with up to 6 telescopes concurrently
over baselines of up to 350m. This has been a productive facility with important images
produced of interacting binary systems (Zhao et al., 2008), rapid rotators (Zhao et al.,
2009), Vega (Monnier et al., 2012), triple star systems (Baron et al., 2012a) and the
complex transit in the  Aurigae system (Mourard et al., 2012). Finally, the VLTI (Very
Large Telescope Interferometer) has access to a combination of four 8m telescopes and
four smaller 1.8m auxiliary telescopes with baselines of up to 202m. Some of the science
results obtained with this facility are discussed in detail by Perrin (2009) and references
therein.
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It is also possible to use interferometric techniques to enhance monolithic telescopes,
allowing them to obtain diffraction limited images (Labeyrie, Lipson and Nisenson, 2006).
By placing a mask with carefully located sub-apertures in the pupil plane of the telescope, an
interferogram can be recorded encoding complex Fourier imaging data on the source object.
Aperture masks have been deployed on all of the largest terrestrial telescopes, and there is
also a mask to fly on the James Webb Space Telescope (Sivaramakrishnan et al., 2012;
Greenbaum, Sivaramakrishnan and Pueyo, 2013). Haniff et al. (1987) first demonstrated
the ability to recover diffraction limited image from a masked aperture, and since then
such observations have provided critical insights into many stellar environments (Monnier,
Tuthill and Danchi, 1999; Tuthill et al., 2008; Cieza et al., 2013; Kraus et al., 2013).
The early uses of optical interferometric observations to reconstruct high-resolution
stellar images originated from similar work being done at radio wavelengths (Lawson
et al., 2004). There were a number of crucial differences between observations in radio
and visible/near-infrared wavelengths, with the direct recovery of visibility amplitude and
phase observables in the optical case being problematic. Consequently, image recovery
algorithms which use the squared visibilities and/or closure phase observables measured by
optical interferometers were employed. The continuing drive to improve these algorithms
is in part stimulated by a biennial competition in which the various algorithms are used
to recover images from the same unknown data-set, with their capabilities and the results
critically assessed (Lawson et al., 2004; Lawson et al., 2006; Cotton et al., 2008; Malbet
et al., 2010; Baron et al., 2012b; Monnier et al., 2014b, and references therein). As these
imaging algorithms continue to improve, so does the reliability of the recovered images
and the science which comes from them.
The study of evolved stars and their circumstellar environments will always be able to
benefit from the recovery of new high-angular-resolution images. This is usually achieved
through the construction of larger interferometers, or the improvement of image recovery
software. However, any other potential techniques capable of yielding such imagery should
be investigated and if possible, exploited.
2.1.5.2 Stellar spectra in the near-infrared
The brightness of AGB stars generally peaks in the near-infrared and emission in this
spectral region dominates their spectral energy distributions. Unfortunately, as shown in
Figure 2.3, the Earth’s atmosphere has a highly complex series of molecular absorption
features through this region. This causes partial extinction across much of the near-
infrared, and complete extinction in some spectral bands which are impenetrable to
10
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FIGURE 2.3: Atmospheric transparency from the summit of Mauna Kea,
Hawai’i (Lord, 1992, via Gemini Observatory). The black shows an optimistic
case, with an air mass of 1.0 and water vapour column of 1.0mm and the grey shows
a pessimistic case with an air mass of 2.0 and water vapour column of 5.0mm. The
spectral region covered by Cassini’s VIMS instrument (detailed in Section 2.2.1) is
shown in green. The spectral coverage of ESA’s Infrared Space Observatory and
NASA’s Hubble Space Telescope are shown in red and blue, and the photometric
bands of DIRBE and 2MASS are shown with dark red and orange crosses respectively.
terrestrial observers even from the best locations. Making matters worse, some of the
molecular species dominating the terrestrial absorption are also significant constituents of
the atmospheres of evolved stars, making observations in this spectral region critical for
understanding these stars.
In order to overcome this issue and measure uncontaminated stellar spectra it is
necessary to observe from beyond the Earth’s atmosphere. Space-based spectral surveys
have been performed in much of the electromagnetic spectrum, however, there are some
regions which are yet to have dedicated survey missions, including the short end of the near-
infrared which is essential to further our understanding of evolved stars. Short wavelengths
have been covered by the International Ultraviolet Explorer (IUE), which acquired spectra
of over 100,000 targets between 0.11 and 0.32 µm (Boggess et al., 1978). The Hubble Space
Telescope (HST) has been capable of observing between 0.11 and 1.0µm with the Space
Telescope Imaging Spectrograph (STIS)(Woodgate et al., 1998) and between 1.0 and 2.5 µm
with the Near-Infrared Camera and Multi-Object Spectrometer (NICMOS) (Thompson
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et al., 1998). Unfortunately neither of these HST spectrometers were survey instruments,
resulting in spectral observations of relatively few specifically selected targets. ESA’s
Infrared Space Observatory (ISO) surveyed the long end of the near-infrared and the
mid-infrared from 2.38 to 45.2 µm with over 26,000 individual observations (de Graauw
et al., 1996). Redwards of here has been spectrally surveyed by various space telescopes,
including SPITZER (> 5.3µm)(Houck et al., 2004), MSX (> 8.3 µm)(Price et al., 2001),
IRAS (> 12µm)(Olnon et al., 1986), AKARI (> 50 µm)(Murakami et al., 2007), and
Herschel (> 55 µm)(Eales et al., 2010).
Space-based photometry for 92 of the brightest stars, many of which are evolved, have
been measured in H, K, L, and M bands by the Diffuse Infrared Background Experiment
(DIRBE) on the COsmic Background Explorer (COBE)(Arendt et al., 1998). The Two
Micron All Sky Survey (2MASS) measured ground-based photometry of over 300,000,000
objects in the J, H, and Ks spectral bands (Skrutskie et al., 2006) which are in transparent
spectral windows in the Earth’s atmosphere as shown in Figure 2.3.
Bright evolved stars have been spectrally surveyed in the mid-infrared, the long end of
the near-infrared, and in the ultraviolet and photometrically surveyed at the short end of
the near-infrared. The regions between these photometric bands have not been surveyed,
although they were within the grasp of NICMOS on HST as shown in Figure 2.3. Spectral
observations of evolved stars through this missing region promise to help constrain models
of stellar behaviour and aid in determining the fundamental nature of such stars.
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2.2 The Cassini spacecraft
Cassini was launched in 1997 on a mission to explore Saturn and its fascinating and
complex system of rings and moons. It was designed, built and launched as a joint mission
between NASA, ESA and ASI (Agenzia Spaziale Italiana) for a total cost of US$3.26
billion. Its 2004 insertion into Saturnian orbit made it the fourth robotic spacecraft to
visit Saturn, and the first and only to ever enter its orbit (Porco et al., 2004). At almost
7m high, 4m wide, and with a dry mass of over 2500 kg, Cassini is one of the largest,
heaviest, and most complex spacecraft to be sent into interplanetary space to date.
Due to its mass and the necessity to enter Saturnian orbit, Cassini had some very
particular requirements of its trajectory from the Earth to Saturn. The spacecraft’s large
mass imposed a relatively low limit on the initial velocity imparted by the launcher, and
also provided a strong inducement to minimise fuel consuming orbital manoeuvres. The
arrival velocity at Saturn needed to be kept sufficiently low otherwise Cassini would
have been travelling too fast be able to be captured by Saturn’s gravity (Vasile and
Pascale, 2006). Instead Cassini’s trajectory was strongly dependent on gravitational
assists, resulting in one of the most complex and convoluted trajectories of any spacecraft
to date. Matson, Spilker and Lebreton (2002) describes in detail the cruise trajectory to
Saturn from launch, through to arrival at Saturn. This tour of the solar system, reproduced
in Figure 2.4, started with a flyby of Venus in early 1998, followed later that year by
an engine burn to align for another Venus flyby in mid 1999. The spacecraft then made
its only flyby of the Earth almost two years after launch, and was accelerated toward
a flyby of Jupiter at the end of 2000. It arrived in the Saturnian system on the first of
July 2004 and initially passed between the planet and the main rings for the only time so
far. The spacecraft then entered into a series of decreasing orbits with carefully planned
deceleration burns to place the spacecraft into orbit around Saturn, in a process known as
the Saturnian Orbit Insertion (SOI).
Saturn is simply too far from the sun for practical photovoltaic solar panels to provide
a useful amount of electrical power. ESA’s Rosetta has managed to go the furthest from
the sun with only solar power, however, it was in an almost inoperable deep-sleep state
during the most distant phase of the mission. NASA’s Juno mission will be entering Jovian
orbit in mid 2016, and will be operating exclusively on solar power making it the first
probe to explore the outer solar system using sunlight alone. Saturn is approximately
twice Jupiter’s distance from the sun, making solar panels impractical, even with modern
advances unavailable to Cassini. Instead Cassini was necessarily powered by Radioisotope
Thermoelectric Generators (RTGs). Due to the power requirements of the spacecraft and
13
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FIGURE 2.4: A schematic of the Cassini’s trajectory from launch to the arrival at
Saturn, showing all critical events and dates. Not to scale.
its instruments Cassini was fitted with three of these RTGs. At launch, each of these
contained ∼11 kg of plutonium-238 undergoing natural radioactive decay and producing
∼4.4 kW of heat. Some of this heat is converted to usable electrical energy through
thermocouples, with each RTG generating ∼295W of electrical power at launch, for
a combined electrical power generation of 887W (Bennett, Hemler and Schock, 1994;
Bennett, 2006). Plutonium-238 decays with a half-life of almost 90 years, which means
that as Cassini ages, the amount of electrical power its RTGs can generate declines. By
2010 the usable power had dropped to ∼670W, and will continue to steadily decrease over
the remaining years of the mission (Ging, 2010).
Data from Cassini is transmitted back to the Earth through the three facilities in
NASA’s Deep Space Network (DSN). These are located near Canberra Australia, Madrid
Spain, and Goldstone California. Cassini bi-directionally communicates with these facilities
using X-band radio, at a rate of approximately 80Kibit/s (Doody, 2015). Once on the
ground, the data is distributed to the appropriate science teams, and after an exclusive
period of at least one year it is put into the public domain on NASA’s Planetary Data
System (PDS) (Matson, Spilker and Lebreton, 2002).
Cassini carries a remarkable suite of instruments capable of analysing dust, ions, plasma,
and magnetic fields through which it flies. It is also capable of making radar observations,
has wide and narrow angle cameras, and imaging spectrometers sensitive to wavelengths
from the ultraviolet to the mid-infrared (Porco et al., 2004). These instruments have
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VIMS-IR
FIGURE 2.5: Images of the Cassini spacecraft. The left panel shows a pre-launch
photograph of Cassini with engineers giving a sense of scale. The right panel shows
a 3D model of the spacecraft. The location of the VIMS-IR instrument is indicated
by a red circle overlayed on each image. Both images are from NASA/JPL.
expanded our knowledge of the complex Saturnian system much further than anticipated
and in many diverse ways. Cassini also originally carried a probe which was dropped into
the atmosphere of Saturn’s largest moon, Titan, on arrival at Saturn. Known as Huygens,
and built by ESA, it was able to analyse the atmosphere as it parachuted to the surface,
and provided the first images of lakes on another world (Niemann et al., 2005).
2.2.1 The visible and infrared mapping spectrometer
Of Cassini’s imaging spectrometers, the instrument able to observe the visible and infrared
parts of the spectrum is the Visible and Infrared Mapping Spectrometer, or VIMS. This
instrument consists of two bore-sighted spectrometers which are able to operate concurrently
or independently as required. One of these instruments, VIMS-V (Visible), records in
96 channels from 0.35 to 1.05µm, whilst the other, VIMS-IR (InfraRed), measures 256
spectral channels from 0.8 to 5.1µm.
This project predominately makes use of observations from VIMS-IR, which is based
on the NIMS (Near Infrared Mapping Spectrometer) which flew on Galileo to Jupiter.
The specifications of VIMS-IR, its functionality and limitations are discussed in detail in
Section 3.3. The position of VIMS-IR on Cassini is indicated with a red circle in Figure 2.5.
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2.3 Stellar occultations
An occultation occurs when a distant source of light is observed to either become obscured
by, or emerge from behind, another celestial object. Such an observation requires a
line-of-sight alignment of three celestial bodies, or a syzygy, where the sight-line from an
observer to a light source is intercepted by an occulter of some kind. The most common
type of occultation observed from the Earth uses the Moon as an occulter (Section 2.3.1),
however, other celestial objects can be used and have produced substantial scientific output
(Section 2.3.2). Such observations are able to provide new scientific insights into both the
occulter and the source object, and have been used since antiquity to help unravel the
mysteries of the universe.
2.3.1 Lunar occultations
Lunar occultations provided ancient astronomers with an opportunity to help understand
the Earth’s place in the universe. In Aristotle’s De Caelo (“On the Heavens”) he describes
in meticulous detail the passage of Mars behind the first quarter moon, and notes that this
provides direct evidence that the moon was nearer to the Earth than the planets (Aristotle,
350 B.C.E.; Stephenson, 2000). He also noted (without details) that Egyptians and
Babylonians had provided similar accounts of ‘other’ stars, whilst equivalent observations
and deductions were also made by the ancient Japanese and Chinese (Saito, 1979; Hilton,
Seidelmann and Liu, 1992).
MacMahon (1908) first proposed the use of lunar occultations to measure the angular
diameter of stars, and suggested combining a large telescope with technology from the
blossoming motion picture industry to record high cadence images of the star’s occultation.
Eddington (1909) realised that such a measurement would require the use of Fresnel
diffraction, and not be simply a linear decrease in brightness. However, the technology
didn’t allow such a measurement to be actually performed for almost three decades,
when Arnulf (1936) managed to measure the diameter of Regulus (α Leonis) using a
moving photographic plate in Paris.
Modern high-angular-resolution programs didn’t commence for another two decades
with simultaneous observations of Antares (α Scorpii) by Evans, Heydenrych and Wyk
(1953) and Cousins and Guelke (1953). These measurements took advantage of the recent
developments in photomultiplier tubes and recorded light-curves for both the red giant
primary star and its small blue stellar companion. The relentless march of technological
progress has led to the continuing success of such programs through to the present day. A
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significant step forward was made by Richichi (1989) where they presented a method to
recover model-independent stellar brightness profiles from occultation observations. This
allowed stellar spatial information to be recovered with making prior assumptions about
the geometry of the stellar source and has produced many significant results (Richichi et al.,
1994; Richichi et al., 1997; Richichi et al., 2000; Richichi, Chandrasekhar and Leinert,
2003; Richichi, Fors and Mason, 2008; Richichi et al., 2011; Richichi and Glindemann,
2012; Richichi et al., 2014; Ragland, Chandrasekhar and Ashok, 1997; Tej et al., 1999;
Chandrasekhar and Mondal, 2001; Fors et al., 2004; Mondal and Chandrasekhar, 2004).
The targets of many of these programs were dusty evolved stars, and the technique
has revealed a range of circumstellar structures including dust shells. Fors et al. (2008)
combined Richichi’s algorithm with the work of Starck and Murtagh (1994) into a high-
volume analysis pipeline capable of processing and analysing thousands of occultations
in a single night, and was found to be particularly useful for observations of the moon
passing across the galactic plane.
Beyond the exploration of the stars, lunar occultations are also used to map the shape
of the lunar limb. By dispersing observers, often associations of amateurs, across a small
area on the Earth’s surface to observe grazing occultations and recording when the star
appears and disappears in each location, it is possible to map the topographical features
on the lunar limb. These areas of the moons surface are hard to map from the Earth using
reflected radar, yet this technique is able to produce maps of these areas with a vertical
resolution of ∼50m (IOTA, 2015).
2.3.2 Other types of occultation
The lion’s share of scientific output from stellar occultation observations have used the
moon as the occulter, however, this is not the only possible occulter. As an example, in a
similar manner to the mapping of the lunar limb, spatially distributed observers are able to
reveal the size and shape of asteroids by observing occultations of a bright star. (Coles and
Freda, 2008). Faint rings have even been found surrounding the Centaur (asteroids with
orbits crossing those of the outer planets) known as Chariklo, marking the first detection
of rings surrounding a small solar system body (Braga-Ribas et al., 2014).
Planetary stellar occultations, when a solar system planet occults a star, have played a
crucial role in the evolution of our comprehension of our own Solar system (Newburn and
Gulkis, 1973). Throughout the early 1970s there were a series of terrestrial observations of
stellar occultations unravelling the nature of the atmospheres of Jupiter (Hubbard et al.,
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1972) and Neptune (Freeman and Lynga, 1970). The diameter of Neptune was able to be
precisely measured, redefining the planet’s density (Freeman and Lynga, 1970).
In an attempt to answer questions about the Uranian atmosphere posed by Stone
(1975), an occultation by Uranus was observed by Elliot, Dunham and Mink (1977). Both
before and after the occultation by the planetary body the star was observed to quickly
vanish and reappear five times in a pattern symmetric on the planet. This provided
the first evidence of the existence of a Uranian ring system, the second ring system to
be discovered after Galileo’s observations of Saturn. This discovery spurred interest in
the possible detection of rings around Neptune resulting in several search programs and
delivering mixed results (Reitsema et al., 1982; Hubbard et al., 1985). Some observers
reported ring detections, some reported non-detections, and some claimed detections of
new satellites. It wasn’t until the flyby by the Voyager 2 spacecraft that these existing
detections were revealed to be arcs of increased density with a highly heterogeneous ring
system (Nicholson, 1990).
Observing occultations from the Earth has been very fruitful, however, robotic explo-
ration has allowed occultations to be observed from all over the Solar System. These have
included both spacecraft observations of the planet occulting the sun or radio transmis-
sions from the Earth, and Earth-based observations of the planet occulting radio signals
transmitted by the spacecraft. Using these techniques, NASA’s early Mariner and Viking
probes were able to reveal detailed profiles of the atmospheres of Venus and Mars (Kliore
et al., 1967; Fjeldbo and Eshleman, 1968; Fjeldbo, Kliore and Eshleman, 1971; Kliore
et al., 1972; Lindal et al., 1979). Similarly Pioneers 10 and 11 studied the atmospheres of
Jupiter and Saturn (Wallace, Prather and Belton, 1974; Kliore et al., 1975a; Kliore et al.,
1975b; Hubbard, Hunten and Kliore, 1975; Kliore et al., 1980a; Kliore et al., 1980b), as
did both Voyager spacecraft (Lindal et al., 1981; Lindal et al., 1983; Lindal, Sweetnam
and Eshleman, 1985). The Voyager spacecraft not only observed occultations of the sun,
but also recorded stellar occultations by the planets as they passed (Festou et al., 1981;
Festou and Atreya, 1982; Smith et al., 1982). Voyager 2 is to date the only spacecraft
to have passed Uranus and Neptune, and used such observations to reveal the structure
of the atmospheres of the ice giants (Lindal et al., 1987; Herbert et al., 1987; Broadfoot
et al., 1989; Lindal, 1992).
Galileo, Cassini and New Horizons all performed occultation observations of Jupiter,
with the latter two passing by en-route to Saturn and Pluto respectively (Porco et al.,
2003; Greathouse et al., 2010), and Galileo spending eight years exploring the Jovian
system. During its tour of Jupiter’s domain, Galileo was able to unravel the atmospheres
of Jupiter (Hinson et al., 1997) and the Galilean moons (Kliore, 1997; Hinson et al.,
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1998; Kliore, 2002), as well as the planet’s tenuous rings (McMuldroch, 2000). New
Horizons (Tyler et al., 2008; Stern et al., 2008) has recently become the only spacecraft to
visit Pluto, and has acquired observations of occultations by the dwarf-planet itself and
its largest moon Charon as it passed. To date these appear to confirm the presence of a
tenuous atmosphere, but at the time of writing much of the acquired data is yet to be
transmitted by the spacecraft back to Earth for a complete scientific analysis.
2.3.3 Cassini and occultation observations
Several of Cassini’s instruments were specifically designed to perform observations of
stellar occultations with the aim of studying the atmospheres of Saturn and Titan and
the planetary rings. The mission has had exceptional success in using occultations in
many ways, including some which are a little unusual. For example, en-route to Saturn
from the perspective of terrestrial observers, Cassini was occulted by the Sun as radio
transmissions from the spacecraft were observed, and these transmissions were found to
shift in frequency precisely as predicted by general relativity (Bertotti, Iess and Tortora,
2003).
Since arrival in the Saturnian system, a wealth of knowledge has been gained through
the use of stellar occultations. The atmospheres of Saturn and Titan have been studied
in detail with new knowledge about their ionospheres and atmospheric layering being
discovered (Moore et al., 2006; Kliore et al., 2008; Bellucci et al., 2009). The Saturnian rings
have been extensively studied, with physical and chemical compositions, optical depths, and
physical structure being mapped in remarkable detail (Hedman et al., 2007; Nicholson et al.,
2008; Colwell et al., 2009; Hedman et al., 2010). Some of the more profound results from
these observations include peering inside the planet itself using kronoseismology (Hedman
and Nicholson, 2013; Hedman and Nicholson, 2014) and determining the composition of a
subsurface lake on Enceladus by observing an occultation by an ejected plume (Hedman
et al., 2013).
Stellar occultations observed with Cassini’s Ultraviolet Imaging Spectrograph (UVIS)
have made it possible to determine the sharpness of edges of rings, gaps and ringlets within
the Saturnian ring system (Colwell et al., 2010; Colwell, Jerousek and Esposito, 2010;
Jerousek, Colwell and Esposito, 2011). Using stars positioned at a range of opening angles
to the ring-plane, it has been possible to measure the radial extent of the transition zone
between the opaque ring edges and transparent gaps. For some edges this transition has
been found to be as small as 9m, providing a strikingly sharp transition when observed
from the typical orbital distance of Cassini .
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2.4 Gaps in our understanding
The study of evolved stars and their complex circumstellar environments has improved
substantially over the past few decades taking advantage of advances in instrumentation
and software. In spite of this there remain areas where new observations can lead to
insights into the behaviour of such stars.
As shown in Section 2.1.5.2, there have been highly successful space-based spectral
surveys of the mid-infrared and the red end of the near-infrared. However the blue end of
the near-infrared remains unsurveyed from a space platform, in spite of being impossible
to observe completely from the ground, and containing lines from molecular species known
to play a significant part in the cooler stellar atmospheres. Any new observations capable
of helping close this gap in spectral coverage are likely to lead to improvements in stellar
models. These include improving our knowledge of stellar spectral energy distributions
and our understanding of the molecular behaviour of evolved stars.
The recovery of high-angular-resolution images of the evolved stars and their surrounds
has produced much of our best understanding of such stars as discussed in Section 2.1.5.1.
New high-resolution techniques promise to help open up these complex circumstellar
environments allowing us to peer into the heart of these systems. Images of dynamic
systems at new epochs also promise to produce better understanding of the behaviour and
evolution of such stars.
Most observations of evolved stars contain either spatial or spectral information. Access
to simultaneous data in both domains permits the identification of the spatial extent of
spectral features. Models aiming to reproduce the observed behaviour of Mira variables,
such as the CODEX models discussed in Section 2.1.2, can only hope to be improved
with new observations. In particular, synchronous spatial and spectral information at the
unsurveyed yet critical part of the near-infrared should lead to important refinements of
such models.
The remainder of this thesis explores how observations from the Cassini spacecraft
are able to help close these identified gaps in our knowledge. In doing so, we improve our
comprehension of the behaviour and evolution of of Mira variables specifically and evolved
stars in general.
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The Cassini atlas of stellar spectra
The bulk of this chapter has been previously published as An atlas of bright star
spectra in the near infrared from Cassini-VIMS , Stewart et al. (2015a) The
Astrophysical Journal Supplement Series 221, 30 (2015). It is referred to herein as as
CAOSS Paper and is presented as published in Section 3.1. Supporting analysis discussed
but not presented in detail within the paper are fully described in Sections 3.2 and 3.3.
Whilst working with Professor Nicholson at Cornell on the occultation observations
used in later chapters, I discovered that calibration images of bright stars had been
observed since shortly after Cassini ’s launch. I realised that these observations would
provide a valuable resource to the stellar astrophysics community and decided to process
the data into calibrated spectra made widely available. I had some assistance from Phil
Nicholson understanding the data format and deciphering the instrument, and some useful
insights from Greg Sloan regarding the assembly, testing, and distribution of a spectral
atlas. Peter Tuthill helped with identifying and understanding the cause of “bad” datasets.
The development of the data reduction pipeline was performed solely by myself, and the
writing of the paper was my work with the cooperation of co-authors.
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ABSTRACT
We present the CassiniAtlas Of Stellar Spectra (CAOSS), comprised of near-infrared, low-resolution spectra of
bright stars recovered from space-based observations by the Cassinispacecraft. The 65 stellar targets in the atlas
are predominately M, K, and S giants. However, it also contains spectra of other bright nearby stars including
carbon stars and main-sequence stars from A to F. The spectra presented are free of all spectral contamination
caused by the Earthʼs atmosphere, including the detrimental telluric molecular bands which put parts of the near-
infrared spectrum out of reach of terrestrial observations. With a single instrument, a spectro-photometric data set is
recovered that spans the near-infrared from 0.8 to 5.1 μm with spectral resolution ranging from R=53.5 to
R=325. Spectra have been calibrated into absolute ﬂux units after careful characterization of the instrumental
spectral efﬁciency. Spectral energy distributions for most stars match closely with literature values. All ﬁnal data
products have been made available online.
Key words: atlases – stars: general
1. INTRODUCTION
The recovery of high-quality stellar spectra underpins an
integral part of our understanding of stellar composition,
evolution, and temporal behavior. Unfortunately, important
molecular spectral features expected to be present are masked
by the existence of the same molecular species in our own
atmosphere. This is especially true for cooler evolved stars,
where substantial quantities of H2O and CO2 are known to
form. This results in large parts of the infrared region being
effectively opaque to ground-based observations. Piercing this
veil is only possible by observing beyond the Earthʼs
atmosphere from space-based platforms.
There has yet to be a space-based spectrometer dedicated to
surveying bright stars over a broad range of infrared
wavelengths, despite the potential scientiﬁc merit and the
severe obstacles to observing from the ground. However, the
Visual and Infrared Mapping Spectrometer (VIMS) instrument
on the Cassinispacecraft has measured the spectra of many
bright stars in the wavelength range of 0.8–5.1 μm. This broad
wavelength range is distinct from any other existing space-
based observatory platform. The International Ultraviolet
Explorer (IUE) provides a survey of spectra shorter than this
range, spanning 0.11–0.32 μm (Boggess et al. 1978). The
longer wavelengths overlap with surveys by the Short Wave
Spectrometer (SWS) on ESAʼs Infrared Space Observatory
(ISO) covering 2.38–45.2 μm (de Graauw et al. 1996). The
Space Telescope Imaging Spectrograph (STIS) on the Hubble
Space Telescope (HST) can observe spectra between 0.11 and
1.0 μm (Woodgate et al. 1998), while the Near Infrared Camera
and Multi-Object Spectrometer (NICMOS) on HST was
capable of observing the remaining 1.0–2.5 μm range at the
shorter end of the infrared (Thompson et al. 1998). However,
these HST instruments have not been used for survey purposes
and therefore only speciﬁcally targeted objects have been
observed. Photometry in the H, K, L, and M bands was
acquired for 92 of the brightest stars by the Diffuse Infrared
Background Experiment (DIRBE) on COBE(Arendt
et al. 1998). A much more extensive catalog of ground based
photometric observations was produced from 2MASS observa-
tions in the J, H, and Ks bands(Skrutskie et al. 2006).
Observations at longer wavelengths have been performed by
SPITZER (>5.3 μm), MSX (>8.3 μm), IRAS (>12 μm), AKARI
(>50 μm), and Herschel (>55 μm). None of these instruments
span the entire range accessible to VIMS and many of them
have been unable to observe the brightest stars as they are
beyond the instrumental saturation limit. VIMS has previously
been used for stellar studies using stellar occultations by
Saturnʼs rings(Stewart et al. 2013, 2014, 2015a, 2015b,
2015c), but until now has not been used for studies of stellar
spectra.
The atlas provides unique access to broadband, space-based
spectra of many of the brightest stars in the sky, albeit at a
relatively low spectral resolution. This paper starts with a
description of the experiment and instrument in Section 2,
followed by details on the data reduction processes in Section 3.
Sample spectra are presented in Section 4, and compared with
those obtained by ISO and IRTF, and photometry from DIRBE
and 2MASS. The full list of stars in the atlas is provided in
appendix and reduced spectra are available online at http://
www.physics.usyd.edu.au/sifa/caoss/ and Vizier. By making
these spectra available, we anticipate scientiﬁc beneﬁts beyond
the goals of the Cassinimission, and hope to enable new
sections of the astronomical community to gain directly from a
planetary exploration mission.
2. EXPERIMENT DESCRIPTION
The observations were originally acquired for the purposes
of monitoring for any temporal variations within the VIMS
instrument and to provide a baseline for the interpretation of
stellar occultation results. Their acquisition started in the early
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stages of the mission, while the spacecraft was in “cruise” and
on its way to Saturn, with the program expected to continue
through to the end of the mission. The observations from this
monitoring program were not intended to be used for stellar
science. However, they ﬁll a void in spectral coverage for a
sufﬁcient number of bright stars so as to warrant dissemination
to the wider astronomical community.
2.1. The VIMS Instrument
VIMS was designed to observe the spatially resolved visible
and near-infrared spectra of various surfaces in the Saturnian
system. An overview of the instrumental design was published
by Brown et al. (2004) and the signiﬁcant points will be
reviewed here. The instrument has two independent, bore-
sighted telescopes feeding separate visible and near-infrared
spectrometers referred to as VIMS-VIS and VIMS-IR,
respectively. The diameters of these telescopes are 4.5 cm for
the visible and 23 cm for the infrared, with the corresponding
spectrometers spanning 0.35–1.05 μm in 96 channels and
0.8–5.1 μm in 256 channels. Both channels were operating
when the observations used in this atlas were acquired, but due
to the small collecting area of its telescope the visible channel
generally did not yield sufﬁcient signal-to-noise ratio to
provide useful stellar spectra. Consequently, the information
from the visible channel was not used in the preparation of
this atlas, and only data from VIMS-IR is presented. VIMS-IR
uses a triply blazed diffraction grating with a spectrometer of
conventional design with the spectral resolution (R) changing
linearly from 53.5 at the blue end to 325 at the longest
wavelength. The detector response was measured in ground
tests prior to launch and was found to be entirely linear with
incident ﬂux. Due to its large spectral range, the infrared
spectrometer employs a 4-element blocking ﬁlter to exclude
higher-order transmissions from the diffraction grating; this
results in small gaps in the spectra near 1.6, 3.0, and 3.9 μm
due to the boundaries between the ﬁlter segments. The ﬁlter
gap at 3.9 μm affects 4 spectral channels, while the other
two gaps are each two spectral channels wide. Because of
the 20 year duration of the Cassinimission, cryogens are
Figure 1. Data reduction process illustrated for a single 320 ms exposure of α Boo in sequence C34. The blue curves show the data progressing through the reduction
process, while the requisite calibration curves are in red. Full details of each panel are in Section 3.
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impractical and VIMS is passively cooled via a radiator. The
256-element InSb alloy detector operates at a stable tempera-
ture of 58–60 K, but the spectrometer optics are typically at
∼130 K. The instrumental thermal background is measured
periodically during routine observations and subtracted from
the target spectrum.
The VIMS instrument was designed to observe extended
objects that entirely ﬁll its instantaneous ﬁeld of view, such as
Saturn, its moons, and the ring system. Images are built up by
measuring the spectrum of a single pointing individually and
then moving the tip and tilt of the secondary mirror to raster
in two dimensions over the required ﬁeld. Each “pixel” in
this time-series image scan subtends a relatively large
228×493 μrad rectangular piece of the sky, with the tip and
tilt of the secondary mirror providing a measured pixel center
separation of 250×500 μrad(Brown et al. 2004). This results
in a photon collection area covering only ∼90% of the image.
The spacecraft pointing accuracy has been determined to be
<629 μrad and the pointing stability has been measured to
plateau below 6 μrad(Pilinski & Lee 2009). This is not a
concern for existing VIMS observations within the Saturnian
system which involve ﬁlled pixels, but it introduces problems
when observing unresolved point-sources such as stars. As the
pixel size is much larger than the stellar point-spread function
(PSF), it is likely that ∼10% of the time the stellar image will
fall partially within these uncollected inter-pixel dead gaps in
the two-dimensional (2D) raster scan. In spite of this
uncertainty in the precise position of the star within a pixel,
drift in pointing over the duration of an observation is
negligible. There are known to be small variations in the
size and shape of this instrumental pixel as a function of
wavelength. Observations in which the PSF falls substantially
within these unmeasured inter-pixel dead zones are identiﬁed
by ﬁtting a modeled instrumental PSF to the observation
(P. Stewart 2015, PhD Thesis in preparation). Such observa-
tions were found to be spectrally and photometrically
inconsistent, and have been identiﬁed and removed from the
main atlas.
McCord et al. (2004) show that under-ﬁlled pixels can affect
the wavelength calibration by up to half a spectral channel
(6–8 nm), and more recently there has been a report of a
gradual monotonic drift in wavelength of up to 9 nm toward the
red since the spacecraftʼs launch(NASA PDS 2015b). This has
been incorporated into the wavelength uncertainty discussed in
Section 3.1.
VIMS-IR images used in this project have been acquired in
one of two imaging modes, known as NORMAL and HIRES.
The NORMAL mode co-adds two adjacent rectangular pixels
to produce square pixels, while HIRES keeps the instrumental
rectangular pixels to produce higher-resolution images in one
dimension. The two modes have been shown to provide
consistent spectra, and data have been averaged together where
observations in both modes exist.
3. DATA REDUCTION PROCESS
The observations were obtained from the data archive at the
Planetary Rings Node of NASAʼs Planetary Data System
(PDS; NASA PDS 2015a). The raw format stores the intensity
across the spectrum in background-subtracted detector counts
together with the background itself. The parameters of the
observation and instrumental operation are recorded in the data
ﬁle headers.
These observations were performed in the raster-scanning
mode described above and stored as three-dimensional (3D)
image “cubes.” The full 0.8–5.1 μm spectrum was obtained
simultaneously for each signal pixel individually, with typical
integration times of 320 or 640 ms per pixel. The images
recorded by VIMS usually cover a 8× 8 or 12× 12 pixel ﬁeld
in all 352 spectral channels using measurements from both
VIMS-VIS and VIMS-IR, but only the 256 channels recorded
by the infrared instrument are used here. From the recorded
data (Figure 1(a)), VIMS subtracts the measured background
(Figure 1(b)) before transmitting them both back to Earth. The
ﬁrst step in the extraction of the stellar spectra from these cubes
is to sum over a 3× 3 pixel square, centered on the brightest
pixel, producing a base spectral measurement as shown in
Figure 1(c). In order to determine if any spectral channels
saturated during the exposure, the measured and separately
recorded background spectrum (Figure 1(b)) is added to the
brightest pixelʼs counts (Figure 1(a)). Any spectral channels
which now show 4095 counts are ﬂagged as saturated and are
omitted. These occur frequently at the hot pixels shown as
spikes in Figure 1(b), such as the saturated pixel at 1.25 μm in
Figure 1(a). Similarly, pixels affected by cosmic rays are
identiﬁed and ﬂagged for omission. These base spectra are
Table 1
A Table of Observations Used to Derive the Calibration Correction Ratio
λ (μm) Stars Used (Epochs) Source for Ref. Spectrum
2.4–5.1 alp Boo (C27, C34, S36) Engelke et al. (2006)
alp Tau (C35) ”
bet UMi (S35) ”
alp Cet (S18) ”
bet And (S18) ”
gam Cru (C35, S38, S53) ”
alp CMa (C39, S69) ”
0.8–2.4 alp Boo (C27, C34, S36) Rayner et al. (2009)
alp Ori (C33, S18) ”
mu Cep (S22) ”
R Lyr (S13, S79) ”
alp Her (S13, S53) ”
rho Per (S18) ”
Note.The ﬁrst set of data are derived from space-based ISO SWS observations,
while the second set originate from terrestrial observations performed with
IRTF. Epochs are in Cassini planning sequences, and are available in UTC
and julian dates in Table 4.
Table 2
The Number of Stars of Each Spectral Class and Variability Type in CAOSS
By Spectral Class O 1
A 2
F 2
C 3
S 3
K 8
M0-4 17
M5-9 29
By Variability Type Irregular 13
Mira 16
Semiregular 20
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divided by the geometric area of the telescopeʼs aperture and
the exposure time of the observation (extracted from data
headers) to give the measured spectra in counts m−2 s−1. The
instrumental sensitivity function (Figure 1(d)), combining both
the electronic gain and the detector sensitivity as a function of
wavelength, is used to convert this into photons m−2 s−1
(Figure 1(e)). By dividing by the instrumental bandpass shown
in Figure 1(f) (Δλ), we arrive at a spectrum in
photons m−2 s−1 μm−1 (Figure 1(g)) which is multiplied by
the photon energy (Figure 1(h)) to give J m−2 s−1 μm−1.
Finally this is converted into Janskys as shown in Figure 1(i)
( 10 Wm Hz26 2 1= - - - ) in order to compare with previously
published spectra from the literature.
The sensitivity and bandpass functions were derived as part
of the VIMS-IR calibration for extended sources. Clark et al.
(2012) detail the development of these functions through to the
latest version (RC17) which is used in this work. For stellar
sources which do not ﬁll the spectrometerʼs pixel, the sensitivity
function is expected to differ somewhat from these standard
values. A wavelength-dependant systematic deviation between
the recovered VIMS spectra and those previously published was
noted in this work, and was found to be consistent across a
range of stars of various types and spanning multiple epochs. A
correction ratio was constructed based on a comparison of
VIMS spectra for standard stars to corresponding literature
spectra from Engelke et al. (2006) and Rayner et al. (2009). The
ratios of sections of the literature spectra to VIMS observations
were averaged to produce a mean brightness ratio by which
VIMS observations were multiplied. Variable stars known to
exhibit strong wavelength-dependent temporal variations which
have the potential to introduce spectral artefacts, and those with
an amplitude of greater than one magnitude in any part of the
near-infrared have been omitted. These relevant reference
spectra are summarized in Table 1. The ﬁnal correction function
is available online with the atlas, and is provided to enable the
application of alternative calibrations.
Figure 2 demonstrates the effectiveness of this correction as
applied to α Boo from sequence S16. The resultant corrected
spectrum provides a good match to the general shape of the
literature data, as well as some of the ﬁner details, especially
through 2.2–2.6 μm and the narrow absorption feature near
1.1 μm. For comparison purposes, the literature spectra have
been downsampled to match the spectral resolution of VIMS.
In order to to ensure the robustness of this comparison we also
produced a calibration curve omitting the “test” epoch and
found the resultant curve to be indistinguishable from that
produced using all observations which have literature spectra.
Application of this correction function is only necessary when
observing point-sources, and calibrating ﬁlled-pixel spectra
does not require this step.
The spectra are presented without any correction for
interstellar reddening for the following reasons. The majority
of sources in the atlas are close to the Sun and thus have AV
values of approximately zero, with half the sample within
110 pc and only 10 stars further than 500 pc. Extinction
corrections are much smaller in the infrared than in the optical,
reducing the impact of interstellar reddening on stars in the
atlas. It is not envisioned that the calibration pipeline presented
here will change, whereas extinction corrections, dependent on
poorly known distances and estimated extinctions to that
distance along a given line of sight, will almost certainly
Figure 2. Demonstration of the effectiveness of the correction function discussed in Section 3 on the S16 observation of α Boo. Panel (a) shows a comparison of the
processed VIMS spectrum (in blue) against a published spectrum from Engelke et al. (2006), resampled to the same spectral resolution. Panel (b) shows the correction
ratio by which all VIMS stellar spectra are multiplied to produce a corrected spectrum. The ﬁnal panel (c) shows the corrected VIMS spectrum against the resampled
Engelke et al. (2006) curve.
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Table 3
Stars in the Cassini Atlas of Stellar Spectra
Target R.A. decl. Parallax ePlx Spectral Spectral Var.
Name HIP Alias (J2000)a (mas) Type Referenceb Classc
30 Psc 154 YY Psc 00 01 57.62 −06 00 50.66 7.55 0.59 M3 III M73 Lb:
bet And 5447 L 01 09 43.92 +35 37 14.01 16.52 0.56 M0 III var M43 nsv
gam1 And 9640 L 02 03 53.95 +42 19 47.02 8.3 1.04 K3 II M73 L
omi Cet 10826 L 02 19 20.79 −02 58 39.50 10.91 1.22 M5-M9e J26 Mira
alp Cet 14135 L 03 02 16.77 +04 05 23.06 13.09 0.44 M1.5 IIIa K89 Lb:
rho Per 14354 L 03 05 10.59 +38 50 24.99 10.6 0.25 M3 II-III M73 SRb
NML Tau L IK Tau 03 53 28.87 +11 24 21.70 L L M9 P67 Mira
gam Eri 18543 L 03 58 01.77 −13 30 30.67 16.04 0.58 M0 III-IIIb K89 Lb:
alp Tau 21421 L 04 35 55.24 +16 30 33.49 48.94 0.77 K5 III M43, R52 Lb:
R Dor 21479 L 04 36 45.59 −62 04 37.80 18.31 0.99 M8e M73 SRb
TX Cam L L 05 00 50.39 +56 10 52.60 L L M8-10 W73 Mira
RX Lep 24169 L 05 11 22.87 +05 09 02.75 6.71 0.44 M6 III A26 SRb
alp Aur 24608 Capella 05 16 41.35 +45 59 52.80 76.2 0.46 G1 III+K0 III Simbad nsv
alp Ori 27989 L 05 55 10.31 +07 24 25.43 6.55 0.83 M1.5 Iab M73 SRc
mu Gem 30343 L 06 22 57.63 +22 30 48.90 14.08 0.71 M3 IIIab K89 Lb
alp Car 30438 L 06 23 57.11 −52 41 44.38 10.55 0.56 F0 II G48 L
alp CMa 32349 L 06 45 08.92 −16 42 58.02 379.21 1.58 A1 V M43 nsv
L2 Pup 34922 L 07 13 32.32 −44 38 23.06 15.61 0.99 M5 IIIe B85 SRb
VY CMa 35793 L 07 22 58.33 −25 46 03.24 L L M5 Iae H72 L
sig Pup 36377 L 07 29 13.83 −43 18 05.16 16.84 0.48 K5 III E57 Ell:
alp CMi 37279 L 07 39 18.12 +05 13 29.96 284.56 1.26 F5 IV G48 nsv
R Cnc 40534 L 08 16 33.83 +11 43 34.46 1.58 1.43 M6.5-9e K74 Mira
lam Vel 44816 L 09 07 59.76 −43 25 57.33 5.99 0.11 K4 Ib K89 Lc
RS Cnc 45058 L 09 10 38.80 +30 57 47.30 6.97 0.52 M6S B54 SRc:
alp Hya 46390 L 09 27 35.24 −08 39 30.96 18.09 0.18 K3 II-III M73 nsv
R Car 46806 L 09 32 14.60 −62 47 19.97 6.34 0.81 M8e III: K89 Mira
R Leo 48036 L 09 47 33.49 +11 25 43.66 14.03 2.65 M7-9e K74 Mira
CW Leo L IRC+10216 09 47 57.41 +13 16 43.68 L L C9 Simbad M
RW LMi L CIT 6 10 16 02.27 +30 34 18.60 L L C4,3e C79 SRa
U Ant 51821 L 10 35 12.85 −39 33 45.32 3.73 0.54 C5,4 S44 Lb
eta Car L L 10 45 03.55 −59 41 03.95 L L O5.5 III–O7 I T08 S Dor
V Hya 53085 L 10 51 37.26 −21 15 00.32 1.44 1.41 C7.5e B54 SRa
56 Leo 53449 VY Leo 10 56 01.47 +06 11 07.33 8.39 0.37 M5.5 III M73 Lb:
ome Vir 56779 L 11 38 27.61 +08 08 03.47 6.56 0.36 M4.5: III K89 Lb
nu Vir 57380 L 11 45 51.56 +06 31 45.74 11.1 0.18 M1 III M73 SRb
eps Mus 59929 L 12 17 34.28 −67 57 38.65 10.82 0.17 M5 III L66 SRb:
gam Cru 61084 L 12 31 09.96 −57 06 47.57 36.83 0.18 M3.5 III K89 nsv
del Vir 63090 L 12 55 36.21 +03 23 50.89 16.44 0.22 M3 III W57, H58 nsv
R Hya 65835 L 13 29 42.78 −23 16 52.77 8.05 0.69 M6.5-9e K74 Mira
W Hya 67419 L 13 49 02.00 −28 22 03.49 9.59 1.12 M7.5-9e K74 SRa
2 Cen 67457 V806 Cen 13 49 26.72 −34 27 02.79 17.82 0.21 M4.5 IIIb L66 SRb
alp Boo 69673 L 14 15 39.67 +19 10 56.67 88.83 0.54 K1.5 III K89 nsv
alp Cen B 71681 L 14 39 35.06 −60 50 15.10 796.92 25.9 K1 V H75 L
alp Cen A 71683 L 14 39 36.49 −60 50 02.37 754.81 4.11 G2 V G50 L
bet UMi 72607 L 14 50 42.33 +74 09 19.81 24.91 0.12 K4 III var R52, M53 nsv
RR UMi 73199 L 14 57 35.01 +65 55 56.86 7.1 0.37 M4.5 III K89 SRb
R Ser 77615 L 15 50 41.74 +15 08 01.10 4.78 1.84 M5-7e K74 Mira
del Oph 79593 L 16 14 20.74 −03 41 39.56 19.06 0.16 M0.5 III M73 nsv
U Her 80488 L 16 25 47.47 +18 53 32.86 4.26 0.85 M8e K74 Mira
30 Her 90704 g Her 16 28 38.55 +41 52 54.04 9.21 0.18 M6 III M73 SRb
alp Sco 80763 L 16 29 24.46 −26 25 55.21 5.89 1.0 M1.5 Iab M73 Lc
alp TrA 82273 L 16 48 39.89 −69 01 39.76 8.35 0.15 K2 III W52 L
alp Her 84345 L 17 14 38.86 +14 23 25.08 0.07 1.32 M5 II W57 SRc
alp Her A 84345 L 17 14 38.86 +14 23 25.23 9.07 1.32 M5 Ib-II M73 SRc
VX Sgr 88838 L 18 08 04.05 −22 13 26.63 3.82 2.73 M4 Iae H72 SRc
eta Sgr 89642 L 18 17 37.64 −36 45 42.07 22.35 0.24 M3 II O60 Lb:
alp Lyr 91262 L 18 36 56.33 +38 47 01.32 130.23 0.36 A0 Va Simbad DSCTC
X Oph 91389 L 18 38 21.12 +08 50 02.75 L L M0-8e+K2: III K74 Mira
R Lyr 92862 L 18 55 20.10 +43 56 45.93 10.94 0.12 M5 III var K45 SRb
R Aql 93820 L 19 06 22.25 +08 13 48.01 2.37 0.87 M6.5-9e K74 Mira
W Aql L L 19 15 23.35 −07 02 50.35 L L S6/6e K80 Mira
chi Cyg 97629 L 19 50 33.92 +32 54 50.61 5.53 1.1 S6-9/1-2e K80 Mira
T Cep 104451 L 21 09 31.78 +68 29 27.20 5.33 0.9 M6-9e K74 Mira
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change in the future. This is especially likely as 3D extinction
models of the Galaxy improve over the coming decades.
3.1. Data Products
Spectra are identiﬁed by the name of the stellar target and the
mission sequence in which they were observed. These
sequences are labelled either “C” or “S” identifying either
“cruise” or “Saturnian orbit.” They are then numbered
sequentially with time with each “S” sequence spanning
several planetary orbits by the spacecraft. As an example,
RDor C33 is a spectrum of the star R Doradus observed in the
33rd cruise sequence. The UTC and Julian dates of these are
included in Table 4, as are the number of exposures and
cumulative integration time of all exposures for each
observation.
Each spectrum presented is the average of all frames
acquired within a given observation. The actual UTC date
and time of each of the averaged exposures is included in the
data header, along with the exposure times, image dimensions,
and instrument mode. The ﬁnal data products are available as
simple text ﬁles, and as four column ﬁts tables, with the
columns being center wavelength, ﬂux density, uncertainty in
center wavelength and uncertainty in ﬂux density.
Table 3 includes optical spectral classes for each source,
based on a review of the classiﬁcation literature. We generally
report the oldest classiﬁcation(s) consistent with subsequent
papers, except where improved classiﬁcations are available
from Morgan & Keenan (1973), Keenan et al. (1974), or
Keenan & McNeil (1989). Sloan et al. (2015) report spectral
types for 14 targets in the Cassini Atlas Of Stellar Spectra
(CAOSS) sample, based on slightly different rules, and as a
consequence several differ by a step in spectral class or
luminosity class. These differences indicate the level of
uncertainty in the classiﬁcations. We do not report spectral
types for optical companions which do not contribute
signiﬁcantly to the near-infrared spectrum.
4. SAMPLE SPECTRA
The spectra produced in this work include stars from many
spectral classes including A and G main-sequence stars and K
giants but, due to engineering requirements for bright targets,
the atlas is dominated by evolved M giants. Many of these
targets have complex molecular atmospheres and exhibit
variability. This section shows some of the recovered spectra
and compares them, where possible, to existing literature
measurements. These literature values come predominately
from space-based ISO SWS spectra(Engelke et al. 2006) and
ground-based IRTF spectra(Rayner et al. 2009), with space-
based photometry from DIRBE(Arendt et al. 1998).
WISE photometry was found to be unreliable for many of
these targets due to unﬂagged saturation. For accurate
comparison, both the ISO and IRTF spectra have been
downsampled to match the spectral resolution of VIMS.
To give a sample of the CAOSS data, Figure 3 shows
reduced spectra for ﬁve different stellar targets. Each panel
labelled (a) to (e), contains an observation at a single epoch for
a single star. Panel (a) shows the A1 star Sirius (α Canis
Majoris) with a spectrum comprising predominately the
Rayleigh–Jeans side of a hot Planck curve (Sirius has an
effective surface temperature of approximately 10,000K with
peak intensity in the ultraviolet). This shows very good
agreement with the Engelke et al. (2006) spectrum, as well as
both the DIRBE and 2MASS photometry. Panel (b) contains
the blended spectrum of the binary system, α Centauri A and B
and also shows good agreement to the 2MASS photometry.
Panels (c) and (d) contain the early-mid M giants ρ Persei and γ
Crucis. These spectra have broadly similar shapes, yet very
different magnitudes due to the latterʼs relative proximity. They
agree well with existing literature spectra and photometry from
all four sources. The ﬁnal panel (e), shows R Cnc, a Mira
variable-type star with a spectral class of M6.5–9. Such stars
are known to exhibit huge variations in magnitude over a
period on the order of a year. The spectrum presented only
partly agree with the published Rayner et al. (2009) IRTF
Table 3
(Continued)
Target R.A. decl. Parallax ePlx Spectral Spectral Var.
Name HIP Alias (J2000)a (mas) Type Referenceb Classc
W Cyg 106642 L 21 36 02.50 +45 22 28.53 5.72 0.38 M5+ IIIa Y67 SRb
mu Cep 107259 L 21 43 30.46 +58 46 48.16 0.55 0.2 M2 Ia K42 SRc
pi1 Gru 110478 L 22 22 44.21 −45 56 52.61 6.13 0.76 S5, 7: B54 SRb
bet Gru 112122 L 22 42 40.05 −46 53 04.48 18.43 0.42 M4.5 III K89 Lc:
lam Aqr 112961 L 22 52 36.86 −07 34 46.56 8.47 0.66 M2 III Simbad LB
alp PsA 113368 L 22 57 39.05 −29 37 20.05 129.81 0.47 A3 V M43 nsv
bet Peg 113881 L 23 03 46.46 +28 04 58.03 16.64 0.15 M2.5 II-III M73 Lb
chi Aqr 114939 L 23 16 50.93 −07 43 35.40 5.32 0.37 M3 III Simbad L
R Aqr 117054 L 23 43 49.46 −15 17 04.14 2.76 2.27 M6.5-9ep K74 Mira
R Cas 118188 L 23 58 24.87 +51 23 19.70 7.95 1.02 M6-9e K74 Mira
Notes. Details of individual observations are listed in Table 4.
a Coordinates and parallaxes from van Leeuwen (2007), except for eta Car and VY CMa(Høg et al. 2000), NML Tau(Skrutskie et al. 2006), and RW LMi and TX
Cam(Loup et al. 1993).
b References are meant to be representative: A26(Adams et al. 1926), B54(Bidelman 1954), B85(Bidelman 1985), C79(Cohen 1979), E57(Evans 1957),
E60(Eggen 1960), G48(Greenstein 1948), G50(Gascoigne 1950), H58(Hoyle & Wilson 1958), H72(Humphreys et al. 1972), H75(Houk & Cowley 1975), J26(Joy
1926), K42(Keenan 1942), K45(Keenan & Hynek 1945), K74(Keenan et al. 1974), K80(Keenan & Boeshaar 1980), K89(Keenan & McNeil 1989), L66(Landi
Dessy & Keenan 1966), M43(Morgan et al. 1943), M53(Morgan et al. 1953), M73(Morgan & Keenan 1973), P67(Pesch 1967), R52(Roman 1952), S44(Sanford
1944), T08(Teodoro et al. 2008), W52(Woolley et al. 1952),W57(Wilson & Vainu Bappu 1957), W73(Wing & Lockwood 1973), Y67(Yamashita 1967).
c Variability Class is from the General Catalog of Variable Stars(Samus et al. 2009).
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spectra and 2MASS photometry, which in keeping with the
known spectral variability of such objects.
Figure 4 shows two more Mira variable stars for which there
are multiple epochs presented in this atlas. Large changes in
overall ﬂux, accompanied by more minor shifts in spectral
shape are noted between epochs. The variations in ﬂux for
these particular stars, as with all variable stars in the atlas, have
been checked against the AAVSO lightcurves and found to be
broadly consistent, but no detailed analysis of stellar variability
has been performed in this work.
5. CONCLUSIONS
We have produced a database of space-based near-infrared
spectra for 73 stellar targets at 109 epochs. These spectra have been
made publicly available online in ﬂexible data formats. Where
comparison was possible they have been shown to be consistent
with existing spectra and photometry. In spite of the relatively low
spectral resolution, we believe that these spectra are of sufﬁcient
quality to continuously bridge a vital yet unsurveyed part of the
spectrum and to become a valuable resource for the stellar
astrophysical community. As spectra from this data set span the
telluric water bands they particularly enable the study of evolved
stars, known to exhibit strong spectral structure from their own
atmosphericwater. Spectra presented in this atlas have already been
used in a study of the atmosphere of Mira, including an assessment
of models of its atmospheric behavior(Stewart et al. 2015c).
This research made use of the SIMBAD database, operated
at CDS, Strasbourg, France.
Some of the data presented in this paper were obtained from
the Mikulski Archive for Space Telescopes (MAST). STScI is
operated by the Association of Universities for Research in
Astronomy, Inc., under NASA contract NAS5-26555. Support
for MAST for non-HST data is provided by the NASA Ofﬁce
of Space Science via grant NNX13AC07G and by other grants
and contracts.
Figure 3. Comparison of spectra presented in this atlas (blue) to the literature. The vertical axis is stellar ﬂux density in 103 Janskys and the horizontal axis is
wavelength in microns. Spectra of Hansom standard stars from ISO by Engelke et al. (2006) are shown as green curves and IRTF spectra by Rayner et al. (2009) are
rendered as brown curves. Photometric measurements are shown as individual points with error bars in dark red and orange for DIRBE and 2MASS, respectively. The
discrepancy in panel (e) is due to the inherently variable nature of the target star, R Cnc.
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Figure 4. Multiple epochs of variable stars showing signiﬁcant temporal variation. Each panel shows a spectrum for the three epochs indicated in the legend. The
orange points show 2MASS photometry from an epoch independent of the VIMS observations.
Table 4
The Cassini Atlas of Stellar Spectra
Target R.A. decl. Sequence Epoch No. of Total Exp.
(J2000) UTC JD Exp. Time (s)
30 Psc 00 01 57.62 −06 00 50.66 S25 2006 Nov 5 2454044 15 4.7
bet And 01 09 43.92 +35 37 14.01 S18 2006 Feb 1 2453767 15 4.7
gam1 And 02 03 53.95 +42 19 47.02 S18 2006 Feb 1 2453767 15 4.7
omi Cet 02 19 20.79 −02 58 39.50 S83 2014 Apr 11 2456758 29 18.1
alp Cet 03 02 16.77 +04 05 23.06 S18 2006 Feb 1 2453767 14 4.1
rho Per 03 05 10.59 +38 50 24.99 S18 2006 Feb 1 2453767 21 5.0
NML Tau 03 53 28.87 +11 24 21.70 C33 2002 Jul 19 2452474 22 15.1
gam Eri 03 58 01.77 −13 30 30.67 S27 2007 Feb 16 2454147 14 4.1
alp Tau 04 35 55.24 +16 30 33.49 C35 2003 Jan 19 2452658 40 20.2
R Dor 04 36 45.59 −62 04 37.80 C33 2002 Jul 18 2452473 82 54.3
TX Cam 05 00 50.39 +56 10 52.60 S27 2007 Feb 15 2454146 16 5.4
RX Lep 05 11 22.87 +05 09 02.75 S27 2007 Feb 16 2454147 14 4.1
alp Ori 05 55 10.31 +07 24 25.43 S18 2006 Feb 1 2453767 20 1.9
mu Gem 06 22 57.63 +22 30 48.90 S18 2006 Feb 1 2453767 19 3.1
alp Car 06 23 57.11 −52 41 44.38 C34 2002 Oct 19 2452566 39 7.8
alp Car 06 23 57.11 −52 41 44.38 S69 2011 Jul 27 2455769 260 44.7
alp CMa 06 45 08.92 −16 42 58.02 C39 2003 Oct 13 2452925 43 12.9
alp CMa 06 45 08.92 −16 42 58.02 S69 2011 Jul 27 2455769 15 8.3
L2 Pup 07 13 32.32 −44 38 23.06 S36 2008 Jan 12 2454477 14 2.2
VY CMa 07 22 58.33 −25 46 03.24 S36 2008 Jan 12 2454477 7 2.5
sig Pup 07 29 13.83 −43 18 05.16 S83 2014 May 1 2456778 52 30.7
alp CMi 07 39 18.12 +05 13 29.96 S08 2005 Jan 30 2453400 15 4.7
R Cnc 08 16 33.83 +11 43 34.46 S79 2013 Jul 5 2456478 48 30.5
lam Vel 09 07 59.76 −43 25 57.33 S36 2008 Jan 12 2454477 9 2.6
RS Cnc 09 10 38.80 +30 57 47.30 S36 2008 Jan 12 2454477 14 2.8
RS Cnc 09 10 38.80 +30 57 47.30 S79 2013 Jul 5 2456478 48 30.5
alp Hya 09 27 35.24 −08 39 30.96 S35 2007 Dec 7 2454441 11 4.1
alp Hya 09 27 35.24 −08 39 30.96 S38 2008 Mar 9 2454534 8 3.2
alp Hya 09 27 35.24 −08 39 30.96 S81 2013 Dec 20 2456646 160 50.6
R Car 09 32 14.60 −62 47 19.97 S38 2008 Feb 27 2454523 6 1.9
R Car 09 32 14.60 −62 47 19.97 S40 2008 Apr 26 2454582 26 10.1
R Car 09 32 14.60 −62 47 19.97 S52 2009 Aug 1 2455044 32 12.7
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Table 4
(Continued)
Target R.A. decl. Sequence Epoch No. of Total Exp.
(J2000) UTC JD Exp. Time (s)
R Leo 09 47 33.49 +11 25 43.66 C37 2003 May 19 2452778 47 9.5
R Leo 09 47 33.49 +11 25 43.66 S38 2008 Mar 3 2454528 20 5.4
R Leo 09 47 33.49 +11 25 43.66 S40 2008 Apr 26 2454582 30 10.5
R Leo 09 47 33.49 +11 25 43.66 S81 2013 Dec 20 2456646 160 50.6
RW LMi 10 16 02.27 +30 34 18.60 S08 2005 Jan 30 2453400 9 3.3
U Ant 10 35 12.85 −39 33 45.32 S84 2014 Jun 29 2456837 117 74.4
eta Car 10 45 03.55 −59 41 03.95 C33 2002 Jul 18 2452473 58 39.0
eta Car 10 45 03.55 −59 41 03.95 S38 2008 Feb 27 2454523 8 3.2
eta Car 10 45 03.55 −59 41 03.95 S81 2013 Dec 27 2456653 85 54.1
V Hya 10 51 37.26 −21 15 00.32 S28 2007 Feb 25 2454156 35 10.6
56 Leo 10 56 01.47 +06 11 07.33 S35 2007 Dec 7 2454441 14 4.1
ome Vir 11 38 27.61 +08 08 03.47 S28 2007 Mar 14 2454173 21 7.0
ome Vir 11 38 27.61 +08 08 03.47 S38 2008 Mar 9 2454534 29 16.5
nu Vir 11 45 51.56 +06 31 45.74 S28 2007 Mar 14 2454173 21 8.4
eps Mus 12 17 34.28 −67 57 38.65 S28 2007 Feb 25 2454156 26 7.2
eps Mus 12 17 34.28 −67 57 38.65 S38 2008 Feb 27 2454523 9 3.2
eps Mus 12 17 34.28 −67 57 38.65 S52 2009 Aug 1 2455044 36 12.8
gam Cru 12 31 09.96 −57 06 47.57 C35 2003 Jan 19 2452658 10 6.4
gam Cru 12 31 09.96 −57 06 47.57 S38 2008 Feb 28 2454524 28 4.4
gam Cru 12 31 09.96 −57 06 47.57 S52 2009 Aug 1 2455044 48 13.2
del Vir 12 55 36.21 +03 23 50.89 S08 2005 Jan 30 2453400 16 4.2
R Hya 13 29 42.78 −23 16 52.77 C37 2003 May 18 2452777 5 2.2
R Hya 13 29 42.78 −23 16 52.77 S38 2008 Mar 19 2454544 14 2.2
W Hya 13 49 02.00 −28 22 03.49 C40 2003 Dec 1 2452974 59 17.9
W Hya 13 49 02.00 −28 22 03.49 S38 2008 Mar 19 2454544 16 3.5
2 Cen 13 49 26.72 −34 27 02.79 S35 2007 Nov 14 2454418 18 1.8
alp Boo 14 15 39.67 +19 10 56.67 C25 2001 Mar 26 2451994 44 6.9
alp Boo 14 15 39.67 +19 10 56.67 C27 2001 Aug 29 2452150 258 40.2
alp Boo 14 15 39.67 +19 10 56.67 C34 2002 Oct 13 2452560 2 0.4
alp Boo 14 15 39.67 +19 10 56.67 S16 2005 Dec 2 2453706 7 1.1
alp Boo 14 15 39.67 +19 10 56.67 S36 2008 Jan 5 2454470 73 2.6
alp Boo 14 15 39.67 +19 10 56.67 S53 2009 Aug 29 2455072 25 2.1
alp Cen 14 39 36.49 −60 50 02.37 C40 2003 Dec 1 2452974 50 12.2
alp Cen 14 39 36.49 −60 50 02.37 S38 2008 Mar 19 2454544 15 3.4
alp Cen 14 39 36.49 −60 50 02.37 S51 2009 Jul 2 2455014 338 215.0
alp Cen 14 39 36.49 −60 50 02.37 S52 2009 Aug 1 2455044 39 12.9
alp Cen 14 39 36.49 −60 50 02.37 S72 2012 Mar 29 2456015 212 67.0
bet UMi 14 50 42.33 +74 09 19.81 S82 2014 Feb 20 2456708 45 28.6
RR UMi 14 57 35.01 +65 55 56.86 S82 2014 Feb 20 2456708 45 28.6
R Ser 15 50 41.74 +15 08 01.10 S78 2013 Apr 15 2456397 121 77.0
del Oph 16 14 20.74 −03 41 39.56 S26 2007 Jan 4 2454104 15 4.7
del Oph 16 14 20.74 −03 41 39.56 S53 2009 Aug 29 2455072 14 3.8
U Her 16 25 47.47 +18 53 32.86 S78 2013 Apr 15 2456397 111 70.6
30 Her 16 28 38.55 +41 52 54.04 S22 2006 Jul 29 2453945 33 4.2
30 Her 16 28 38.55 +41 52 54.04 S53 2009 Aug 29 2455072 24 2.7
alp Sco 16 29 24.46 −26 25 55.21 C33 2002 Jul 12 2452467 73 48.2
alp Sco 16 29 24.46 −26 25 55.21 S31 2007 Jul 8 2454289 470 16.9
alp Sco 16 29 24.46 −26 25 55.21 S51 2009 Jul 17 2455029 68 26.4
alp TrA 16 48 39.89 −69 01 39.76 S08 2005 Jan 30 2453400 12 2.8
alp TrA 16 48 39.89 −69 01 39.76 S52 2009 Aug 1 2455044 32 12.7
alp Her 17 14 38.86 +14 23 25.08 S13 2005 Aug 28 2453610 17 2.4
alp Her 17 14 38.86 +14 23 25.08 S53 2009 Aug 29 2455072 28 2.9
VX Sgr 18 08 04.05 −22 13 26.63 S51 2009 Jul 17 2455029 34 14.4
eta Sgr 18 17 37.64 −36 45 42.07 S22 2006 Jul 30 2453946 16 4.2
eta Sgr 18 17 37.64 −36 45 42.07 S51 2009 Jul 17 2455029 38 15.9
X Oph 18 38 21.12 +08 50 02.75 S26 2007 Jan 4 2454104 26 5.1
X Oph 18 38 21.12 +08 50 02.75 S60 2010 May 26 2455342 7 2.2
R Lyr 18 55 20.10 +43 56 45.93 S13 2005 Aug 28 2453610 24 4.5
R Lyr 18 55 20.10 +43 56 45.93 S79 2013 Jun 20 2456463 11 1.7
R Aql 19 06 22.25 +08 13 48.01 S60 2010 May 26 2455342 6 1.9
R Aql 19 06 22.25 +08 13 48.01 S69 2011 Jul 27 2455769 225 42.3
W Aql 19 15 23.35 −07 02 50.35 S26 2007 Jan 4 2454104 20 4.9
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This publication makes use of data products from the Two
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Analysis Center/California Institute of Technology, funded by
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APPENDIX
THE CASSINI ATLAS OF STELLAR SPECTRA
The details of all stars contained in CAOSS are listed in
Table 3, including coordinates, spectral type and variability
type where relevant. A full list of ﬂux density calibrated spectra
to date is contained in Table 4. Observations processed
identically to those in Table 4 yet containing signiﬁcant
deviations from the literature values are presented online with
the atlas, but not listed here. These spectra are still expected to
be of value in situations where an absolute ﬂux density
calibration is not required.
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Table 4
(Continued)
Target R.A. decl. Sequence Epoch No. of Total Exp.
(J2000) UTC JD Exp. Time (s)
chi Cyg 19 50 33.92 +32 54 50.61 S22 2006 Jul 29 2453945 33 5.3
T Cep 21 09 31.78 +68 29 27.20 S13 2005 Aug 28 2453610 22 4.4
T Cep 21 09 31.78 +68 29 27.20 S78 2013 May 29 2456441 92 58.5
W Cyg 21 36 02.50 +45 22 28.53 S79 2013 Jun 21 2456464 98 46.3
mu Cep 21 43 30.46 +58 46 48.16 S22 2006 Jul 30 2453946 35 5.5
pi1 Gru 22 22 44.21 −45 56 52.61 S22 2006 Jul 30 2453946 28 4.4
bet Gru 22 42 40.05 −46 53 04.48 C34 2002 Oct 5 2452552 40 7.8
alp PsA 22 57 39.05 −29 37 20.05 C25 2001 Mar 28 2451996 12 7.6
alp PsA 22 57 39.05 −29 37 20.05 C34 2002 Oct 19 2452566 32 20.4
alp PsA 22 57 39.05 −29 37 20.05 C35 2003 Jan 22 2452661 13 8.3
alp PsA 22 57 39.05 −29 37 20.05 S72 2012 Mar 30 2456016 10 6.4
bet Peg 23 03 46.46 +28 04 58.03 S13 2005 Aug 28 2453610 24 4.5
R Aqr 23 43 49.46 −15 17 04.14 S22 2006 Jul 30 2453946 15 4.7
R Cas 23 58 24.87 +51 23 19.70 S08 2005 Jan 30 2453400 21 5.6
Note. All epochs listed are where ﬂux calibrated spectra were recovered. The columns from left to right are: name of the stellar target, R.A. and decl. from Table 3,
Cassini planning sequence, UTC and julian dates, number of exposures, and cumulative exposure time per pixel. Sorted by R.A.
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3.2 Stellar spectra with Cassini
Cassini’s VIMS instrument, as introduced in Section 2.2.1, contains an infrared spectrom-
eter, capable of recording simultaneous measurements in 256 spectral channels through
the near-infrared of the desired field. A vital part of the monitoring of the status of VIMS
which has occurred since the 1999 launch has been to regularly record the spectra of bright
stars. These stars are necessarily bright in the infrared due to the limited sensitivity of
the instrument, and have been observed in an ongoing campaign commencing whilst still
in “cruise” before Cassini’s arrival in the Saturnian system.
The selection of stars was based solely on observability, and depended on the brightness
of the target, and the relative orientation of Cassini and the rings to the celestial sphere
when time for such observations has been available. There was no consideration given as
to whether these stellar targets would be of value or interest to stellar astronomers as they
were not intended to be used for the purposes of stellar science.
The instrument was designed to observe a field filled by some celestial surface and not
under-filled pixels of unresolved stars. Due to this discrepancy, it was necessary to produce
an optical model of VIMS in order to understand the instrumental spectral response to
point source stellar objects.
32
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3.3 Simulating VIMS
Section 2.1 of the CAOSS Paper discusses how some spectral observations are detrimentally
affected when the PSF falls partly in the dead-zone between pixels. These observations
are identified by fitting a model of the instrumental PSF to the observation. This section
describes the construction and use of this model in detail, showing how it is able to identify
affected observations in an unbiased and independent fashion.
VIMS is comprised of two bore-sighted spectrometers of which VIMS-IR, shown in
Figure 3.1, operates in the infrared. It records the spectrum of a single pixel of its
image plane, the instantaneous field of view, in each temporal exposure. It builds an
image by changing the tip and tilt of the secondary mirror and recording spectra for each
different position. Thus by rastering across the sky-plane, an image can be recorded and
reconstructed from time-series observations. The separation of the centres of these pixels
has been measured to be 250×500 µrad. The angular size of each pixel is 228×493µrad
resulting in inter-pixels gaps accounting for almost 10% of the intended image space.
This isn’t a problem when observing an entirely filled field such as a planetary, lunar or
ring surface, that the instrument was designed for, but can cause severe problems when
observing unresolved sources or imaging sub-pixel objects. When observing an unresolved
star with VIMS, there is a ∼10% chance that the core of the PSF will fall partly within
these unsampled inter-pixel dead zones. Observations in which this occurs have been found
to be spectrally and photometrically inconsistent and can not be calibrated the same
way as those which are unaffected by this issue. In order to identify observations which
had been affected by this issue, a detailed model of VIMS-IR optics was produced. The
image produced by each exposure was compared to this model to identify where, within a
pixel, the centre of the PSF fell, and observations which were detrimentally affected were
omitted from the full atlas.
The model was coded in Python, based on information in the public domain. The
literature was found to contain very little detailed information about VIMS-IR’s design
due to the restrictions imposed by a piece of United States’ legislation known as ITAR
(International Traffic in Arms Regulations). ITAR has been in place in some form since
1976, but became much more restrictive in 1999 when jurisdiction for enforcement was
shifted and satellite technology fell more heavily under its influence. Fortunately, VIMS-
IR has substantial heritage from Galileo’s NIMS (Near-Infrared Mapping Spectrometer)
instrument. So much so, that VIMS actually contains both mechanical and optical parts
from the NIMS engineering model (Brown et al., 2004). Being an earlier instrument,
NIMS was designed before the expansion of ITAR, and there is consequently substantially
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FIGURE 3.1: A wireframe view of infrared channel of VIMS from Figure 3 in Brown
et al. (2004). Photons from the target being observed enter the main telescope from
the upper right, before being focused on the spectrometer slit. This is then collimated
onto a triply blazed dispersion grating and imaged onto the detector plane.
more published detail about its design. However, in spite of these similarities, there were
some significant improvements made to VIMS-IR. These include a fixed, triply blazed
grating as opposed to a steerable doubly blazed grating, and a 256 element linear detector,
substantially improving on the 17 discrete detectors of NIMS. The method of building a 2D
image was also improved. NIMS scanned its grating over the discrete detectors to build up
spectral coverage for each pixel, scanned the secondary mirror in one direction, and used
the relative motion between the target and Galileo to scan the other spatial dimension in
order to build an image. VIMS-IR is able to record its entire spectral range for any given
pixel in one exposure, and can raster the secondary mirror in orthogonal spatial directions
to build up a 2D image. VIMS also has a separate bore-sighted visible spectrometer, which
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FIGURE 3.2: A schematic diagram of VIMS based on Figure 6 from Miller et al.
(1996). The different shield orientations for VIMS and NIMS are clearly seen in this
diagram, whilst the entire optical system is essentially the same.
is able to be used simultaneously or independently to VIMS-IR, however, this was not
used for this project. There were also substantial improvements to the electronics and the
computation abilities of the instrument which were not required to be considered as part
of the instrumental PSF model.
Instrumental specifications for VIMS were taken from Miller et al. (1996), Brown et al.
(2004), and McCord et al. (2004) where available. These include the diagrams reproduced
in Figures 3.1 and 3.2. Unpublished parameters were inferred from those of NIMS from
Aptaker (1982), and Carlson et al. (1992), but primarily from Figure 1 (reproduced here
as Figure 3.3) and Table 2 in Macenka (1984).
The model works by propagating starlight of various wavelengths through the optical
system and applying specific binary masks in each plane as appropriate. Light enters
the optical system through the telescope, and is focused by the primary and secondary
mirrors onto a slit in the same plane as the field stop, henceforth the slit plane. From here
the light is collimated by another two mirrors and falls on a planar diffraction grating.
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FIGURE 3.3: An optical diagram of NIMS from Figure 1 in Macenka (1984). It can
be seen that NIMS and VIMS are essentially optically identical when compared to
the VIMS schematic in Figure 3.2. This figure, along with the values given in Table 1
of Macenka (1984) were the primary source of specifications for the optical system
used in the model.
Dispersed light from the grating is focused by a final two mirrors onto the detectors, in
what will henceforth be called the detector plane.
Figures 3.4, 3.5 and 3.6 show the propagation of the beam through the various
planes in the VIMS model. Each of these figures shows the propagation of a beam of a
different wavelength, with light of 1µm shown in Figure 3.4, 3µm in Figure 3.5, and 5µm
in Figure 3.6. The first column in these plots shows the mask applied in that plane. The
other two columns show the masked amplitude of the beams as they progress through the
model for a point source falling on both the centre and edge of the spectrometer slit.
In these figures the first row shows the evenly illuminated pupil plane of the instrument.
This is defined by the geometry of the optics in the telescope, mainly the 228mm primary
mirror, and the obstruction due to the secondary mirror and its support structures. The
beam in this plane is uniformly illuminated in all unmasked regions for both on and off
axis sources.
The slit plane is where the spectrometer’s entrance slit is located, and is also the image
plane of the telescope. The secondary mirror adjusts in tip and tilt to place a different
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FIGURE 3.4: A demonstration of the propagation of 1 µm light through the VIMS
optical model. The first column shows the mask applied at each plane, the other
columns show the masked beam amplitude at each plane for an on axis source in the
centre and a source on the edge of the slit on the right. The first row is the pupil
plane of the instrument, comprising of the primary mirror and the spider supported
obstruction of the secondary. The second row shows the plane of the spectrometer’s
slit, which is the image plane of the telescope. The third and fifth rows show the
obstruction caused by the secondary mirrors in the collimator and camera respectively.
The fourth row gives the wavelength dependence of the spectrometer’s triply blazed
grating. The final row shows the amplitude of the modelled PSF as it falls on the
detector pixel. The physical scale of each row is independent.
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FIGURE 3.5: Same as Figure 3.4 but with the propagation of 3 µm light and the
section of the grating with the central blaze angle.
part of the image space onto this slit in order to measure the spectrum for that pixel. This
slit is 0.2 × 0.4mm, and collects light from a 228 by 493µrad section of the sky (Brown
et al., 2004).
After passing through the slit, a f /3.5 Dahl-Kirkham collimator is used to re-image
the pupil plane onto the grating (Brown et al., 2004). The obstruction to the beam due to
the secondary mirror in this collimator is seen in the third row of the figures, and appears
to have been carefully designed to match the secondary obstruction in the telescope pupil,
so as not to further degrade the instruments throughput at this stage.
The spectrometer’s grating has groove spacing of 27.66 1ines/mm and is triply blazed
with blazed wavelengths of 1.3, 3.25 and 4.25 µm. These different blaze angles account for
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FIGURE 3.6: Same as Figure 3.4 but with the propagation of 5 µm light and the
section of the grating with the long blaze angle.
20, 40 and 40% of the grating surface area respectively (Brown et al., 2004). This complex
grating design helps to maintain spectrometer performance across the wide spectral range
covered by the instrument. The grating row shows the vastly different masks applied to
different wavelengths at this point in the model.
The dispersed beam from the grating is imaged onto the detector plane by a f /1.8,
all reflective, flat-field camera. This secondary mirror in these optics is particularly large
as shown in the fifth row of Figures 3.4, 3.5 and 3.6, and obscures significant amounts of
light from the grating.
A flat field image is focused onto a 1×256 array of InSb detectors. Each of these
detectors is 200×103µm in size with a pitch of 123 µm. This leaves an inter-pixel gap
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of 20µm which helps to reduce cross channel contamination due to diffraction by the
spectrometer’s slit.
In the final row of Figures 3.4, 3.5 and 3.6 it is evident that for the on axis source, a
strong central peak remains in the PSF, landing centrally on the detector pixel, whilst
for the poorly aligned source, much of the signal from the star is clipped and the pixel
is filled with strong diffraction effects. Each pixel will only measure the cumulative flux
incident on it, and not a high resolution image of the PSF as modelled here. However, by
modelling each pixel in an image in this manner it is possible to build a synthetic, yet
realistic image, for a specific level of misalignment. By tweaking this amount of model
misalignment and comparing with an observation in multiple wavelengths, it is possible
to determine the precise position of a star within a pixel during that observation. This
enables the identification of observations where significant starlight is lost to the inter-pixel
dead zones so these adversely affected exposures can be omitted from the main atlas.
VIMS-IR’s most common mode of operation, identified as ‘NORMAL’, involves co-
adding adjacent rectangular pixels to form pixels which are square. Consequently these
co-added square pixels will have a dead zone running through their centre. The model is
able to produce images in this manner as required, and is also able to produce images in
the ‘HIRES’ mode, where the pixels remain rectangular.
Figure 3.7 demonstrates the potential severity of this issue and effectiveness of this
technique in identifying affected observations. This example shows images produced in the
‘HIRES’ mode. The top row shows an idealised case, where the star is perfectly aligned on
the slit centre. In all three wavelengths almost all of the flux is collected by the central
pixel, with the remaining flux falling mostly symmetrically into the surrounding pixels.
The second row shows a modelled example of a very poorly aligned observation. The
flux in all wavelengths is spread primarily between two pixels, and in this example the
5µm image actually has more flux collected in the adjacent pixel rather than the central
pixel. This occurs as the core of the PSF varies in size with wavelength, making longer
wavelengths more likely to be affected as they have a larger PSF, and making shorter
wavelengths affected more severely as their PSFs are smaller, and a greater proportion of
the total flux is lost in the gaps. In this case the bottom row recorded 78, 72, and 76% of
the flux of the upper row for the 1, 3 and 5 µm models respectively, as varying amounts of
their PSFs fell between the pixels and was lost.
When looking at the entirety of the spectral range observed by VIMS, observations with
sub-pixel centroids near to the edges as seen to produce wavelength dependent spectral
deviations. This is illustrated in Figure 3.8 where recovered spectra for α Boo from
different epochs are compared to an ISO-SWS derived literature spectrum (Engelke, Price
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FIGURE 3.7: Examples of simulated VIMS images produced by the model in three
wavelengths. The top row shows a star centred on the slit centre, whilst the bottom
row shows a star aligned adjacent to the slit edge.
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FIGURE 3.8: Flux calibrated spectra from α Boo at three epochs. The literature
spectra, from Engelke, Price and Kraemer (2006), is shown in black. Comparative
spectra from observations with different sub-pixel centres is illustrated by the coloured
curves, labelled with the Cassini planning sequence to identify the epoch.
and Kraemer, 2006). (The ISO-SWS spectra are discussed in the CAOSS Paper presented
in Section 3.1 of this thesis.) The black curve in Figure 3.8 shows the literature spectrum
presented for comparative purposes. In a coordinate system where (0,0) is the pixel
centre, and unity defines the linear midpoint between pixel centres, the green curve has a
sub-pixel centroid measured to be (-0.02,0.20). This position is within 20% of the pixel
centre causing the core of the PSF to fall well clear of the pixel edges and produces a
spectrum closely matching that of the literature. The blue curve is from an epoch with a
sub-pixel centroid measured to be at (0.95,0.05), which causes the core of the PSF to land
substantially within the inter-pixel dead-zones. The is evident through the bluer end of
the spectrum where significant flux is lost, however at the red end the larger PSF core
overlaps the gaps and permits most of the flux to still be measured, similar to the bottom
row of Figure 3.7. The detrimental effect of spectral deviations produced by the PSF
core falling near to the pixel edges is clear. Using only information recorded in the image
plane it is possible to measure sub-pixel centroids, providing independent identification of
affected observations, which were then flagged and discarded.
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Observational technique
This chapter has been published as High-angular-resolution stellar imaging with
occultations from the Cassini spacecraft – I. Observational technique Stewart
et al. (2013) Monthly Notices of the Royal Astronomical Society 433 (3) 2286-2293. It is
referred to herein as Paper I and is presented as published in Section 4.1.
This publication is the first peer-reviewed demonstration of the ability to use observa-
tions of stellar occultations by planetary rings for spatial measurements of stellar targets.
This was achieved by fitting a simple geometrical model to the observations, and making a
direct comparison of this fit to terrestrial interferometric observations from the literature.
It concludes with a quantitative examination of the limitations of the technique due to
noise and instrumental sensitivity, ultimately providing a simple test of the concept and
opens the door to its use for more advanced studies.
This paper stems from work originally submitted in my Honours thesis (Stewart, 2011),
but containing a substantially new analysis. Matthew Hedman provided data in a form
that included many of the spacecraft’s status parameters and orbital position properties.
Beyond this all coding and analysis was performed by myself. I initially coded the entire
software pipeline, including data selection and reduction, model fitting and result analysis,
in IDL. I later translated to Python and substantially expanded the capabilities of the
software. The paper was written by myself, in consultation with my supervisors (Tuthill
and Nicholson) and other co-authors. Sections 2 and 3 of Paper I are based on work
originally submitted in Stewart (2011), and are included here only for completeness.
Paper I is presented in the next section, followed by Sections 4.2 and 4.3 which explore
the recovery of spatial information from occultation observations in more detail.
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ABSTRACT
We present novel observations utilizing the Cassini spacecraft to conduct an observing cam-
paign for stellar astronomy from a vantage point in the outer Solar system. By exploiting
occultation events in which Mira passed behind the Saturnian ring plane as viewed by Cassini,
parametric imaging data were recovered spanning the near-infrared. From this, spatial infor-
mation at extremely high angular resolution was recovered enabling a study of the stellar
atmospheric extension across a spectral bandpass spanning the 1–5 μm spectral region in the
near-infrared. The resulting measurements of the angular diameter of Mira were found to be
consistent with existing observations of its variation in size with wavelength. The present
study illustrates the validity of the technique; more detailed exploration of the stellar physics
obtained by this novel experiment will be the subject of forthcoming papers.
Key words: instrumentation: high angular resolution – instrumentation: miscellaneous –
space vehicles: instruments – techniques: interferometric – stars: imaging – stars: individual:
Mira.
1 IN T RO D U C T I O N
Our limited ability to resolve fine angular detail in celestial targets
presents an impediment to progress in many branches of astro-
physics. For most existing instruments this limit is defined by the
size of the aperture and can be approximated by λ
D
, where D is
the diameter of a telescope, or λ
B
, where B is the longest baseline
in an interferometer (Labeyrie, Lipson & Nisenson 2006). For ter-
restrial observations in the optical and infrared, such theoretically
optimum performance can be challenging to obtain due to distortion
of the wavefront by atmospheric turbulence. In spite of significant
technical progress in interferometry (Berger et al. 2012), adaptive
optics (Davies & Kasper 2012) and novel data analysis methods
(Martinache 2010), the physical instrument scale imposes an inher-
ent limit to most astronomical imaging.
Lunar occultations have been shown to provide high-resolution
observations using relatively small telescopes. For a star to be ob-
served in this manner, it necessarily must be in the small region
of the celestial sphere which is traversed by the path of the moon.
This means that the majority of stars in the sky are out of reach
of such a technique. Astronomical measurements using lunar oc-
cultations were first proposed in 1908 (MacMahon 1908), and the
use of diffraction for this purpose was described by Eddington
 E-mail: p.stewart@physics.usyd.edu.au
(1909). Having developed significantly over the last century, the
use of lunar occultations for scientific observations has a rich and
fruitful history (White 1987), with major contributions by Evans,
Heydenrych & van Wyk (1953) and Richichi (1989). These results
include studies of binary systems (Richichi et al. 1994, 1997, 2000),
the stellar populations towards the Galactic Centre (Richichi, Fors
& Mason 2008; Richichi et al. 2011) and studies of the circumstellar
environments of evolved stars (Ragland & Richichi 1999; Tej et al.
1999; Chandrasekhar & Mondal 2001; Mondal & Chandrasekhar
2004).
In this paper, we report the first astrophysical measurements de-
rived from stellar occultations by the rings of Saturn as observed by
NASA’s Cassini spacecraft. This technique provides very high an-
gular resolution observations of bright stellar targets spanning the
near-infrared. These observations can yield an angular resolution
as small as 1 mas with observations unaffected by the terrestrial
atmosphere. To date, over 100 stellar occultation events have been
observed by the spacecraft’s Visual and Infrared Mapping Spec-
trometer (VIMS) instrument, targeting many different stellar ob-
jects. This paper analyses three of the earliest occultations of the
asymptotic giant branch (AGB) star Mira in an exploration of the
potential of the technique for astrophysical observations. The selec-
tion of this star as a source was not initially made for the purposes of
astrophysical investigation, but rather as a suitable source for Saturn
ring science. The decision was primarily based on its location in the
sky and its brightness. Mira is known to experience large amplitude
C© 2013 The Authors
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variations with a period of 332 d (Ireland, Scholz & Wood 2011) and
is of particular interest as the archetype of the Mira variable AGB
star. As a class undergoing heavy mass-loss, these stars contribute
greatly to gas and dust enrichment of interstellar medium and so
are a key contributors to galactic chemical evolution. Mira also has
a compact companion (Ireland et al. 2007) which is not expected to
be detected at our limits and for which there was no evidence in our
analysis. Further astrophysical analysis of Mira and other targets
will follow in subsequent publications.
2 EX PERIME NT D ESC RIPT ION
The VIMS instrument can be used to observe stellar occultations
from the Saturnian system using various objects within the system as
occulters (Brown et al. 2004). These observations have been used in
order to probe the atmospheres of Saturn and Titan and other moons,
as well as the nature of the ring system (Nicholson et al. 2005, 2011;
Shemansky et al. 2005; Hedman et al. 2007; Colwell et al. 2010;
Nicholson & Hedman 2010; Hansen et al. 2011). Some edges within
the rings are extremely compact, exhibiting dramatic changes in
opacity of the order of 10 m radially (Colwell et al. 2010). Such
edges can be used as sharp-edged, semi-infinite plane occulters,
providing an opportunity to measure the starlight in the Fresnel
diffraction pattern propagated from this edge to the spacecraft.
These observations are in principle analogous to lunar occulta-
tions with several useful advantages. Cassini’s distance from the
ring plane intercept (RPI) was approximately four times the Earth–
Moon distance at the time of the observations. This gives the diffrac-
tion pattern more distance over which to spread and become easier
to resolve when compared to terrestrial lunar occultations. This dis-
tance varies with each occultation, and for these particular events
was especially distant. Observations were uncorrupted by scintil-
lation noise inherent to ground-based data. The rings at this time
covered 9◦ of the sky from Cassini’s position, enabling access to
many more potential targets than the half degree disc of the moon.
Finally, the highly inclined orbit of the spacecraft allows for vastly
greater numbers of potential occultations than the nearly equatorial
orbit of the moon. There are existing Cassini occultation observa-
tions of targets with ring opening angles ranging from 74◦ to −61◦,
and as shallow as 2.◦4.
2.1 The VIMS instrument
Cassini’s VIMS is an imaging spectrometer, sensitive to a range of
wavelengths from 0.3 to 5.1 μm. It was constructed to observe both
scattered and emitted light from surfaces and atmospheres within the
Saturnian system with an emphasis on the spectral domain (Brown
et al. 2004). The instrument consists of two parallel telescopes
feeding separate visible and infrared spectrograph channels. The
infrared side, as used for the observations in this paper, samples
from 0.8 to 5.1 μm at a resolution of 16.6 nm (McCord et al. 2004).
VIMS was specifically designed to observe both stellar and solar
occultations, and is the only instrument on board capable of such
observations in the visible and infrared. In occultation mode, VIMS
observes a single pixel, 0.25 × 0.50 mrad in size which is spectrally
dispersed on to a linear detector giving simultaneous measurements
in 256 bands. It is capable of observing at speeds of up to 77 Hz
across its entire spectrum. The observations used in this paper were
binned down to 31 spectral channels and limited to 80 ms exposures
in order to conserve downlink time. They were intended for ring
rather than stellar studies and did not require faster exposures or
finer spectral resolutions. Cassini acquires a lock on the star using
both solid-state gyros and a star-tracking CCD, and once a lock is
obtained the pointing has been found to be stable for many hours
to the order of 0.05 mrad. A detailed technical description of the
VIMS instrument and its observing modes can be found in Brown
et al. (2004).
2.2 General considerations
Starlight emitted from the distant stellar system is diffracted by
sharp edges within the rings. The spacecraft is not travelling in the
plane perpendicular to the line of sight to the star, so changes to the
diffraction pattern with distance must be considered, giving a tra-
jectory through a three-dimensional diffraction field. The speed of
the spacecraft through this field at a fixed sampling rate determines
the spatial resolution of the observations. A slower perpendicular
velocity (v⊥) relative to the ring edges in the sky plane gives a
higher angular resolution – this is equivalently obtainable with a
faster read-out rate but fundamental limitations with photon noise
(explored later) mean this is only possible with brighter objects.
Fig. 1 shows the apparent path of a star behind the rings as viewed
from the point of view of Cassini. In this frame the angular sep-
aration between samples is equal and is determined by the orbital
velocity of the spacecraft and the integration time.
The spatial sampling of the diffraction field is in the direction
normal to projection of the ring edges in Cassini’s sky plane. As
a consequence, the spatial resolution obtained at the edge marked
‘A’ is much coarser than at the edge labelled ‘B’. This normal to
the diffracting edge also determines the direction in which the stel-
lar image is being sampled, allowing the recording of brightness
profiles in different directions across the stellar surface. ‘A’ and
‘B’ in Fig. 1 demonstrate an event geometry with sampling in ap-
proximately orthogonal directions as illustrated by the white lines
marked v⊥. In future work we will attempt to combine these differ-
ent slices using tomographic techniques to produce high-resolution
2D images of asymmetric targets.
Figure 1. Schematic illustration of the path of the RPI across the rings in
the sky plane of Cassini. The dashed line represents this apparent path or the
star behind the rings, with constant temporal and angular sampling. Points
A and B show occulting edges within the rings. The white vectors represent
v⊥ for each occultation event. Background image from Cassini Imaging
Team (2010).
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Ground-based lunar occultations have a mean fringe velocity of
0.6 × 10−3 ms−1 (Richichi 1989). This is the equivalent parameter to
our v⊥. The occultations observed from Cassini have perpendicular
velocities in the range 0.5–2.2 × 10−3 ms−1 which do not vary faster
than 0.6 ms−2. If the distance from Cassini to the RPI was reduced
to be consistent with lunar occultations, this range reduces to 0.12–
0.53 m ms−1. Whilst these values are smaller than those available for
ground-based lunar occultations, it is important to note that VIMS
is limited to minimum 13 ms integrations. Terrestrial cameras are
capable of running much faster, with occultations being recorded at
as fast as 3.2 ms (Richichi et al. 2012).
2.3 First observations
In mid-2005 the Saturnian rings occulted Omicron Ceti, or Mira, on
three subsequent orbits. These have been designated Revs 8, 9 and
10. The star was observed well prior to its encounter with the outer
edge of the F ring and tracked as it passed behind the various features
of the ring system. Starlight was visible through the rings within
the Encke Gap, and was occulted by its hard edges as the spacecraft
moved along its trajectory. Results from these occultations were first
published by Hedman et al. (2007), and revealed fine-scale texture
in the A ring, and large variations in transmission with longitude
of the occultation track relative to the direction to the star. These
observations also form the basis of this paper, using the sharp inner
edge of the Encke Gap as a semi-infinite opaque occulter, with the
aim to observe structure in the source star.
This particular edge was used exclusively for this study as an
example of one of the sharpest and cleanest edges in the ring system,
and to provide consistency between model fits. The mean normal
optical depth of the A ring is around 0.5, but due to the very low
inclination of the rings which occurs when observing Mira (−3.◦45),
it becomes effectively opaque. The constituent particles of the ring
range from centimetres to metres in size, and are much smaller
than the Fresnel zone of 100 m. The resulting optical wavefront will
therefore average over many individual particles. The A ring has
been shown to be less than 10 m in thickness (Colwell et al. 2010;
Jerousek, Colwell & Esposito 2011). Edges like these have been
shown to have radial widths of the same order.
The Encke Gap is kept clear, and its sharp edges maintained,
by the shepherd moon Pan. The motion of this satellite also causes
the formation of small-amplitude, long-wavelength, radial pertur-
bations on the edges of the gap. These waves have wavelengths of
the order of 1000 km and amplitudes of up to 1 km. The change in
the slope of the occulting edge can change by up to half a degree
which will affect the projected perpendicular velocity of the RPI.
For the occultation on the egress of Rev. 10, the shallowest angle
and most affected edge of those in this paper, this causes an un-
certainty of 4 per cent to the projected perpendicular velocity which
follows through to the fitted radii.
2.4 Dynamic orbital geometry
An occultation event occurs during the precise line-of-sight align-
ment of three bodies. The geometry of the event is therefore critical
in understanding the light curve observed by VIMS. In these obser-
vations, it is assumed that the star and planetary rings are fixed, the
instrument is looking directly at the star throughout the event, and
as the spacecraft moves, the edges within the rings obscure the line
of sight to the star. To avoid any ambiguity, the point on the line of
sight from Cassini to the star at which the ring plane is intercepted
Figure 2. Views of the geometry of a single temporal sample within an
occultation event depicted from an equatorial (a) and a polar (b) perspective.
The centre of Saturn is labelled SC, the position of the Cassini spacecraft is
labelled C and the point on the line of sight from Cassini to the star which
passes the ring plane is labelled RPI. D is the critical distance between
Cassini and the RPI, and d is the distance from the centre of Saturn to
Cassini. Labels with a subscript ‘p’ are projections into the equatorial plane,
which is also the plane of the rings. The angle B is the opening angle of the
rings to the Cassini–star line of sight. The blue vector in (b) denotes the line
of sight to the star from Saturn’s centre and is parallel to Dp. The vector
marked 0◦ denotes the zero longitude of the Saturnicentric coordinates and
is defined by the node of the ring plane on the terrestrial equatorial plane
(J2000 RA 130.◦589 Dec. 0◦). The values of r and longitude for the RPI, and
the Cartesian coordinates of Cassini, are both included with the spacecraft
ephemeris in the data headers.
will be referred to as the RPI henceforth. Key information to re-
construct the event is available via SPICE kernels (from the NASA
Planetary Data System’s Navigation Node) (Acton 1996), including
the position of the spacecraft in Cartesian coordinates. From this
and the stellar coordinates, we can calculate the latitude and the ra-
dius within the ring plane of the RPI. This provides the positions of
both the spacecraft and the RPI in a Saturnicentric reference frame
as is detailed in Fig. 2.
The distance from Cassini to the RPI is critical for the determina-
tion of diffraction effects and can be calculated from the positional
information mentioned above. This distance is calculated by taking
the vector difference between the Saturnicentric positions of the
spacecraft and the RPI. This is the distance over which the starlight
is diffracted around the edge of the rings before being recorded by
Cassini. The relative velocity of the spacecraft is determined from
the recorded change in position. With this distance determined, and
the position of the RPI projected into Cassini’s sky-plane as shown
in Fig. 1, we have everything required to determine the point source
light curve of any observed occultation event.
2.5 Achievable results
The obtainable angular resolution limit of this technique is primar-
ily dependant on the geometry of the event. This is dominated by
the distance from Cassini to the RPI and the combination of instru-
ment sampling speed and radial velocity of the RPI. Such angular
sampling would ideally be less than the angular separation between
the first maxima and first minima for a point source light curve. This
is the Fresnel diffraction fringe spacing (θF) and is proportional to
the radius of the first Fresnel zone. In practice, it is still possible
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Table 1. Table of observations. The date is the day of the year in 2005, φ is
the approximate phase of the stellar pulsation, D is the distance from Cassini
to the RPI, v⊥ is the component of the velocity of the RPI perpendicular
to the rings in the sky plane, θS is the sampling resolution and θF is the
Fresnel diffraction fringe spacing at 3 µm. The events are labelled by the
orbit number and annotated for ingress (i) or egress (e).
Event Date φ D v⊥ θS θF
(DOY) (106 km) (km s−1) (mas) (mas)
8i 144 0.2 1.568 1.125 12.1 4.12
8e 144 0.2 1.736 0.709 6.90 3.92
9i 162 0.25 1.574 1.378 14.8 4.12
9e 162 0.25 1.684 0.634 6.37 3.98
10i 180 0.3 1.595 2.082 22.1 4.09
10e 180 0.3 1.643 0.455 4.69 4.03
to fit models to slightly undersampled data, especially for a large,
resolved star like Mira. In Table 1, the specifics of the occultation
events are shown. The finest sampling resolution (θS), 4.69 mas,
is provided by the egress of Rev. 10, which is insufficient to fully
sample the largest fringe spacing. This could have been improved
if the integration time was 20 ms which would have yielded a sam-
pling resolution of just over 1 mas. With still slower perpendicular
velocities and comparable or longer Cassini–RPI distances, it is in
principle possible to obtain submilliarcsecond sampling resolutions.
3 DATA R E D U C T I O N A N D M O D E L FI T T I N G
Each observation contains data covering 31 spectral channels di-
vided between 0.94 and 4.93 μm, and is selected to span several
seconds either side of the occultation event. The 80 ms temporal
sampling from the spacecraft moving through the radial direction
of the diffraction field yields spatial sampling of the diffraction pat-
tern. During each orbit, the star passes the inner edge of the Encke
Gap twice, once on ingress and again on egress. Fig. 3 shows the raw
data acquired on the egress during Cassini orbit 9. The geometrical
occultation event itself is labelled 0 s. The region prior to this shows
the spectra of the unocculted star. After occultation, the spectrum
of ringshine is dominant, but there may be a small amount of ob-
scured starlight. This is reflected sunlight from the rings entering
the relatively large angular aperture of VIMS. Note that although
ringshine contributes the background flux for most events, there are
a significant minority of occultations which occur when the RPI is
in the shadow of the planet that are therefore devoid of ringshine.
With a relatively long data sequence recorded both before and
after the event, the stellar flux and the background levels (ringshine
plus residual transmission and instrument thermal background) can
be accurately calibrated over all spectral channels. High-angular-
resolution information about the celestial target is then encoded by
the detailed way in which the intensity varies around t = 0. Because
VIMS is a spectrometer, we may explore the spatial extension of
the target star simultaneously across the near-infrared using a single
event.
3.1 Data preparation
The first step in data processing is the removal of cosmic rays and
the subtraction of backgrounds. Cosmic rays are identified when a
single temporal sample has some spectral data which are intensity
outliers far beyond the normal range of the noise. These spurious
data points (which are uncommon) are simply flagged and excluded
from further analysis and model fitting. The ability to handle non-
Figure 3. Spectrally complete data obtained from an occultation by the
inner edge of the Encke Gap on the ingress of Rev. 9. Spectral features of
the unocculted starlight can be seen along the wavelength axis. The temporal
axis which runs up and down the page shows the passage of time relative to
the RPI crossing the occulting edge. The (unlabelled) vertical axis denotes
intensity in counts as recorded by VIMS. The spatial information obtained
using occultation methods is all found in the functional form of the ‘cliff
edge’ around zero seconds (the point of occultation) for each wavelength
band.
uniform time sampling is also a requirement in order to process
data with regular pauses, or with any other temporal variation in
data collection. All samples are unambiguously tagged in time.
The occultations in this paper are rapid with the slowest spanning
only 2 s. During this event, v⊥ changes by 0.15 per cent which has
a negligible effect and allows any potential effect of a changing
occultation speed to be omitted.
The mean intensity of the data acquired when the star is behind
the ring for each observation is subtracted from the entire light
curve, removing the effects of ringshine, partial stellar transmission
through the rings and any instrumental background. This process
shifts the zero-point of the intensity curve. For computational ease
in later model-fitting steps, the data are then normalized by the mean
of the unocculted starlight for each band. This yields consistent light
curves ranging from around zero to one in all spectral channels, with
spectral intensity information being preserved separately.
The spatial separation between samples is determined by the dis-
tance travelled by the spacecraft in this time perpendicular to the
ring edge. Most samples are separated by the operating sampling
rate of the instrument, which for these observations includes 80 ms
integration time and 2 ms instrumental reset time. However, every
64 samples, VIMS takes background data (which are saved sepa-
rately) resulting in episodic larger gaps in the data record. Further
missing samples may be produced by the flagging of cosmic rays.
Our analysis software therefore makes no assumption about even
sampling in the time domain. The projected displacement of the RPI
from the geometric edge for each sample is calculated and recorded
for use as an independent variable denoted by ‘x’ in Fig. 4. Finally,
the standard deviation in the areas of the light curve away from the
occultation event is recorded and used as a measure of the charac-
teristic noise levels in the data which contributes to uncertainty in
the model-fitting process.
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Figure 4. The observed light curve in three bands (2.26, 3.06 and 4.39µm)
for the Encke Gap inner edge occultation on the egress of orbit 8 with 1σ
error bars (orange solid). A fitted uniform disc model (blue dashed) is also
plotted against the normalized left-hand scale. The residuals of the fit are
plotted in green (dotted) with an expanded scale in the same units on the
right. The horizontal axis shows the position of the RPI from the ring edge
as projected into the sky plane of Cassini.
3.2 Light-curve simulation
As the occultation event proceeds, the intensity recorded as a func-
tion of time is referred to as the light curve. The diffraction of
light by a semi-infinite plane generates a light curve which is the
well-known knife-edge diffraction pattern. For our observations,
the sharp edges within the rings can be assumed to be a hard-edged
semi-infinite plane, obscuring starlight reaching the spacecraft. The
equation for the functional form of the amplitude of the spatial
diffraction pattern for a point source is given by
A = 1√
2
[(
C(ν) + 1
2
)
+ i
(
S(ν) + 1
2
)]
, (1)
where ν = x
√
2
λD
, C(ν) andS(ν) are the cosine and sine integrals, x
is the spatial ordinate orthogonal to the occulting edge and is set by
the instrument’s sampling rate and the spacecraft’s relative velocity.
The observed intensity is defined by I = A∗A. Evaluation of these
Fresnel integrals is computationally difficult, but fortunately they
can be extended into the complex plane and expressed in terms of
error functions:
C(ν) = 1 − i
4
[
erf
(
1 + i
2
√
πν
)
+ i erf
(
1 − i
2
√
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(2)
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[
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2
√
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)
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(
1 − i
2
√
πν
)]
. (3)
In this form the cosine and sine integrals are directly computable
from functions in standard numerical libraries and can be used to
build a light curve for any specific event geometry. The simulation
of these light curves, along with the software discussed over the
remainder of this paper, was performed with the IDL code written
especially for these data sets.
The light curve from any extended object can be modelled as
the incoherent superposition of point sources at all positions on
its surface. This can be calculated by convolving the point source
light curve above with a function describing the source geometry.
The two-dimensional source function in the plane of the sky, when
observed with occultation techniques, delivers a one-dimensional
projection of the target normal to the occultation edge. Thus, our
data are well suited to exploring intensity profiles summed over all
points parallel to the occulter. This needs to be considered when
building models for the interpretation of light curves in an astro-
physical context. Although for an arbitrary extended source it is
not possible to recover full two-dimensional information with a
single occultation event, in practice many objects may justify the
assumption of circular symmetry thereby allowing the construction
of meaningful models.
3.3 Model fitting
Model fitting is a powerful way of extracting unknown parame-
ters from recorded data. The light curves were compared to those
generated from simple stellar models in order to determine the
angular size of the star. This was performed using the bisection
method. There has also been significant work done in fitting stel-
lar sources more effectively than with single-parameter fits. These
include multivariate model fitting and model-independent analysis.
Both of these techniques reduce the residuals substantially and will
be detailed in future papers along with the results they provide.
For particularly fast occultations, a point source light curve be-
comes a simple step function. In this geometric optics regime, the
effects of diffraction can be neglected. Consequently, a model-
independent brightness profile can be recovered simply by differ-
entiating the observed light curve. Using such a geometric optics
approximation for our VIMS data was found to be valid for the
fastest events, but caused errors of up to 6σ on model fits for slow
well-sampled events. Because most events fell into a regime where
diffraction needed to be considered, the same code was applied
uniformly to all data modelled here.
3.3.1 Fitting for stellar radius
A simple uniform circular disc model with a single free parameter
– the stellar radius – provides a simple and robust measurement
of overall size while also offering direct comparison with a wide
variety of literature estimates. The shape of the χ2 space in the
vicinity of the likely radius was found to have an unambiguous
single minimum. The aim of model fitting is to find the radius
of the model which gives this minimum. Initial limits were set
both significantly above and below the expected result, allowing
the minima to be identified with high accuracy in a few iterations
using a search based on the bisection method of root finding. This
provided significantly higher accuracy and much greater efficiency
than a grid search.
Fig. 4 shows typical examples of fitting a uniform disc model
to light curves at three different wavelengths in one observation.
These three bands are representative of the changes in angular size
observed. These bands are 2.26 μm which is amongst the smallest
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observed angular sizes, 3.06 μm which shows a moderate amount
of circumstellar extension and 4.39 μm which corresponds to the
largest observed size and the largest extension. For the most part,
the fits are very close to the shape of the observed light curve, al-
though there are some significant residuals remaining in the vicinity
of the geometric edge, especially for wavelengths which correspond
to larger angular sizes. This suggests that a uniform disc provides
a reasonable first-order fit, but that it is not capable of reproducing
much of the fine structure contained in the data. In particular, the
shape of the light curve in the most critical regions at star’s edges
is not accurately modelled, with the peaks of the residuals being
an order of magnitude higher than the rms noise levels of 2.1 ×
10−3, 3.2 × 10−3 and 7.9 × 10−3 in order of increasing wavelength.
The worst excursions in the residuals occur at the leading and trail-
ing edges of the disc, suggesting that the hard-edged uniform disc
model is a relatively poor representation, and a softer edge, either
through limb darkening, the existence of circumstellar structure or
a combination of these, may fit better. Despite its shortcomings,
a uniform disc fit gives a useful and uncomplicated gauge of the
overall apparent size of the star, and is furthermore very important
in comparing our results with literature values in which it is almost
universally used.
3.3.2 Polychromatic fitting
The angular size of the star at all observed wavelengths was mea-
sured by fitting a uniform disc model to each recorded band as
shown in Fig. 5. As noted above, the observed angular size of the
star varies substantially with wavelength, meaning that the star ap-
pears to have different sizes depending on the observed colour. The
three wavelengths shown in Fig. 4 were found to have best-fitting
radii at 14.8 ± 0.6, 31.5 ± 1.1 and 47 ± 7 mas in order of increas-
ing wavelength. The errors were generally larger for both longer
wavelengths and those with larger radii, but there were exceptions
to this in the region between 2.5 and 3.0 μm where they remained
relatively small.
This variation in stellar size is due to absorption and emission
from extended molecular layers (H2O, CO2) within the stellar at-
mosphere (Yamamura, de Jong & Cami 1999; Woodruff et al. 2009)
and will be discussed in more detail in a subsequent publication.
Fig. 5 also shows that the fitted uniform disc radii are consistent
with those previously published by Woodruff et al. (2009), plotted
in red. The consistently slightly lower radius can be explained by
the inherent variable nature of Mira-type stars. Further discussion of
Figure 5. The fitted uniform disc radii across all observed wavelengths for
a single occultation event. The fitted uniform disc radii are shown in blue
with 1σ error bars. The red data show previously published interferometric
measurements from Woodruff et al. (2009).
the astrophysical interpretation of these results based on the wider
data set from Stewart (2011) is beyond the scope of the present
paper and will appear in a forthcoming publication.
4 N OI SE AND LI MITATI ONS
The limitations of the technique were examined through the cre-
ation of an artificial light-curve simulator. This was based on the
noise characteristics of the VIMS instrument as previously detailed
by Miller et al. (1996) and were used from first principles to build
a realistic model of instrumental noise. This allowed artificial light
curves to be generated for model objects of idealized and known
geometry. These light curves were fed into the same analysis soft-
ware as the observations and compared in order to characterize the
limiting parameters of such observations for astronomical purposes.
There were several parameters which affected the quality
of the observables. The most important were the integration
time of the instrument, the bandwidth of the observations, the
magnitude of the star and the brightness of the occulting ring edge.
The quality of the model fitting was found to be independent of the
angular size of the uniform disc model star for resolvable stars.
Fig. 6 shows how fractional error is primarily influenced by the
brightness of the stellar target and, to a lesser extent, by the bright-
ness of the occulting ring edge. It can be seen that for longer wave-
lengths, ring brightness plays little part in the goodness of fit, whilst
for shorter wavelengths the change in ring brightness is signifi-
cant. It is also clear that shorter wavelengths provide superior fits
to longer wavelengths, with errors below 10 per cent extending to
stars approximately 2 mag fainter. Ringshine, the brightness of the
rings, varies significantly with radius and opening angle to the sun.
It also changes with the phase angle between the sun, the rings
and the observer. As the brightness of the star approached that of
the rings, the fractional error increased asymptotically, whilst with
completely dark rings it was possible to obtain good fits for targets
down to fifth magnitude at 0.94 μm. For 4.93 μm, the fits were only
reasonable down to first magnitude.
Integration time was tested over the range from 13 up to 80 ms
with limiting stellar magnitudes ranging, respectively, from second
down to fourth magnitude for 2.2 μm observations. This explored
the possibility that objects significantly dimmer than those previ-
ously observed may make potential targets for future observations.
Decreasing the integration time reduces the angular separation be-
tween samples, which improves the resolving power of the tech-
nique, but this can only be done for brighter targets.
Co-adding of contiguous sets of spectral channels within VIMS
allows the sensitivity to be increased at the expense of spectral res-
olution. Although care needs to be taken for objects with complex
simultaneous spatial and spectral structure (such as spectral lines
which arise in spatially distinct regions), in general sensitivity limits
for grey or approximately grey objects might be dramatically im-
proved by such binning (in addition to incurring lower data volumes
for transmission from Cassini back to Earth).
5 C O N C L U S I O N S
We have demonstrated the scientific utility of occultations observed
from the Cassini spacecraft in which targets of astrophysical interest
pass behind the Saturnian ring plane. Such observations have many
immediate advantages over the well-established lunar occultation
technique including the absence of scintillation noise, the opening
of spectral windows unavailable from Earth, more favourable ge-
ometry for the events and greater sky coverage for potential science
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Figure 6. These plots show the mean fractional fitting error simulated
20 mas radius uniform disc models with 20 ms integration times with varying
stellar magnitudes and ring brightness. Each data point denotes the mean of
100 fits to simulated data with unique artificial instrumentation noise. The
three subplots show results for three wavelengths across the spectral range
of VIMS. The three different lines in each plot compare results for different
ring brightness ranging from third magnitude down to an undetectably dark
ring as detailed by the legend. The vertical dotted lines denotes the cut-off
points where a stellar target would have the same brightness as the occulting
ring edge and correspond to the curves of the same colour. The spectra of
both the star and ringshine are assumed to be (somewhat unrealistically)
uniformly bright at all wavelengths. The magnitude of the ringshine is taken
to be the sum of all flux falling within one temporal sample. All magnitudes
are in the Johnson UBVRI system.
targets. Unlike interferometry, occultations also allow simultane-
ous sampling of a wide range of spatial scales. We are also able
to probe inside the significant water bands which are obscured by
the Earth’s atmosphere for any terrestrial observations. The angular
resolution provided by occultations at the highest VIMS cadence
(13 μs) is in principle very high, and for a sufficiently bright target
would be competitive with an optical interferometer with kilometric
baselines.
The technique could even be extended into the hunt for exoplan-
ets. A larger aperture to increase sensitivity, and a smaller on-sky
pixel projection in which to concentrate starlight, would make this
possible. Cassini is not capable of this, but makes an ideal test
facility to confirm the potential of the technique.
We have demonstrated the recovery of spectral variations in an-
gular diameter of Omicron Ceti which have been shown to be con-
sistent with those previously published. The epochs studied were
unfortunately too near each other, and too near to a maxima, to
record any trends in uniform disc size with pulsation phase.
The behaviour of the instrument was analysed and modelled. It
was found that for shorter wavelengths it is possible to observe stars
as dim as second magnitude in J, but for full spectral coverage it is
limited to those brighter than 0 in K. The 1σ noise level for VIMS
measurements was found to be consistently ≤1 per cent, and the
uncertainty on model fits was <10 per cent.
The Cassini data archive contains more than 100 occultation
events in which a range of stellar targets were observed. The meth-
ods described here should enable unique new astrophysical data to
be produced from this unique facility, and may also motivate poten-
tial dedicated observations in the remaining years of the spacecraft’s
lifetime.
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4.2 Light-curves and brightness profiles
Stellar flux is observed by VIMS as it moves through the starlight diffraction field. Intensity
variations are recorded producing a curve known as a light-curve. In this work the focus
is on the relatively brief light-curves obtained when the star emerges from, or moves
behind sharp ring edges. The ability to simulate these light-curves is essential to the
determination of the spatial structure of the stellar source. Such a light-curve is produced
as the starlight experiences Fresnel diffraction as it passes these edges. The source can be
considered to be comprised of a specific arrangement of many unresolved point sources.
The light-curve observed is therefore the convolution of the point source light-curve (unique
to each occultation geometry), and the target brightness profile. Simulating a light-curve
for a given observation therefore requires the convolution of a separately simulated point
source light-curve and a model brightness profile. Geometrical parameters used in this
section are defined in Appendix A.
4.2.1 The point source light-curve
When the disc of a star subtends too small an angle on sky to be resolved it is known as a
point source. The light-curve produced by such an unresolved star is therefore known as
a point source light-curve and is the starting point for calculating the light-curve of an
arbitrary object.
To simulate a point source light-curve, it is necessary to have an understanding of the
Fresnel field the spacecraft is moving through at the time of the observation. This requires
knowledge of the orbital position and speed of the spacecraft as well as the observational
parameters used by VIMS for the recording of the observation. Sections 2 and 3.2 of
Paper I detail the production of a point source light-curve for a given occultation geometry
as shown in Figure 4.1 and defined by Equation (4.1) as follows,
A = 1√
2
(C(ν) + 12
)
+ i
(
S(ν) + 12
) (4.1)
where C(ν) and S(ν) are the cosine and sine Fresnel integrals where ν contains all
necessary information about the geometry of the occultation event, and is defined by,
ν = x
√
2
λD
. (4.2)
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FIGURE 4.1: An example of the light-curve produced by an unresolved point source
at λ = 3 µm and a typical range of 1× 109m revealing fringes caused by Fresnel
diffraction. The geometric edge of the occulter is located at 0m along the x axis,
and the y axis shows normalised intensity.
where x is the distance from the RPI to the ring edge in the direction of v⊥ (as seen in
Figure A.3) and not the previously defined x axis, λ is the wavelength, and D is the range
from Cassini to the RPI.
4.2.1.1 Variables that affect the point source light-curve
Based on the parameters which go into ν the shape of the point source light-curve can be
seen to be influenced by several factors. By varying the range (D), the distance between the
observer and the occulter, the light-curve appears to be spatially stretched or compressed.
Figure 4.2a shows point source light-curves for a range of existing occultations, with
larger distances showing wider fringe separation. Light-curves for observations at different
wavelengths (λ) are shown in Figure 4.2b spanning the range of the infrared channel on
VIMS. Figure 4.2c shows the effect on the light-curve of a change in the incident angle of
the motion of the RPI on the ring edge in the sky-plane. This is equivalent to a change in
perpendicular component of the RPI velocity (v⊥), and is incorporated into subsequent
discussions as such.
4.2.1.2 Non-singular values in the point source light-curve
This simple model for the point source light-curve has since been modified to account for
various effects caused by non-singular ranges of values for the parameters comprising ν in
Equation (4.2). These include bandwidth smearing produced by a non-monochromatic
response of each spectral band of VIMS and the blurring effects introduced by the motion
of the spacecraft through the Fresnel field during the recording of each sample. The
extent of each of these effects is illustrated in Figure 4.3. Influences on the extent
of motion blur include both the integration time of the instrument and the orbital
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FIGURE 4.2: Simulated occultation light-curves illustrating the effect of changes to
some of the geometrical and observational parameters. Axes are as in Figure 4.1.
Panel a) shows the effect on the light-curve of changes in the range (D), b) shows
changes in wavelength λ, and c) shows changes in the angle between the motion of
the RPI and the ring edge.
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velocity of Cassini . A smaller integration time will produce less smearing, but also
has the detrimental consequence of reducing measured flux, therefore inhibiting feature
detectability. Equation (4.1) is modified to account for this by integrating over the extent
of x within a temporal sample as follows,
A =
∫ x2
x1
1√
2

C
x
√
2
λD
+ 12
+ i
S
x
√
2
λD
+ 12

 dx (4.3)
where x1 and x2 are the limits of integration, defined by the start and end positions of the
RPI during an exposure. This can be analytically integrated to become,
A =
√
λD
4pi
(1 + i)
−(1 + i)e ipix12λD + pi
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(4.4)
An example point source light-curve with a typical motion blur of 10m is shown in
Figure 4.3a. It shows the blurring of the fringes produced by the diffraction of the starlight,
within only a few peaks.
Bandwidth smearing on the other hand, is a constant amount contingent on the
spectrometer dispersion. Figure 4.3b demonstrates the extent of this effect due to a 130 nm
wide band on a point source light-curve. This is the mean width of the spectral bands
used in the most common observing mode, when the 256 infrared spectral channels are
co-added down to 32 channels. It is clear that the resultant effects of bandwidth smearing
on the light-curve are less than typical motion blur (Figure 4.3a) with the fringes enduring
significantly longer distance from the geometric edge. This is especially evident when
both effects are combined as in Figure 4.3c. The inclusion of bandwidth smearing yields a
< 1% effect far from the geometric edge, and is negligible through the first few fringes.
Ideally bandwidth smearing could be accounted for by integrating Equation (4.4) over the
band from −λb to +λb where λb is the half width of the spectral band. Solving such a
complex integration numerically is inefficient. The effect of bandwidth smearing has been
shown to very small once motion blur is accounted for. It is well below the noise level of
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FIGURE 4.3: An examination of the effects of motion blur and bandwidth smearing
on the point source light-curve. Axes are as in Figure 4.1. The blue curves shows the
monochromatic, instantaneous exposure light-curves without bandwidth smearing or
motion blur. The green curve in panel a) shows the affect of typical motion blur,
where the position of the RPI moves on the order of 10m radially during an exposure.
The green curve in panel b) resultant light-curve including 0.13µm of bandwidth
smearing. Panel c) reveals these combined effects, demonstrating the clear dominance
of the motion blur over the bandwidth smearing.
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observations and has therefore been disregarded. Motion blur, however, is included in the
analysis.
4.2.2 Simulating a brightness profile
A brightness profile is the one dimensional projection of a two dimensional stellar image.
In an occultation, the light from the star is progressively obscured by the occulter as the
geometric edge moves across the line of sight to the star. The brightness profile in this
case is an integration along the direction of the occulting edge in the sky plane. Synthetic
brightness profiles can be produced similarly by summing a model stellar image in one
dimension. Figure 4.4 demonstrates the formation of brightness profiles from three different
stellar models. The first is a simple uniform disc, where the star is assumed to be an
evenly illuminated perfect circle. This model has only a single free parameter, which is the
radius of the star. The second uses a uniform disc to model the star, with the addition of a
thin spherical concentric shell to model circumstellar dust. This model adds two more free
parameters, the radius of the shell, and the integrated contrast ratio between the shell and
the star. The third illustrates a much more complex structure of the target environment.
In this case an image of Saturn is used as a proxy for a complex stellar target, with an
off-centre bright core and a fainter asymmetrical extension of material surrounding it. Each
of the brightness profiles (middle row) contains the spatial information of the stellar image
reduced into a single dimension, with the larger structures in the image being relatively
straight-forward to identify in the profiles. It is possible to similarly generate a brightness
profile for any desired stellar model if a two dimensional image can be generated.
With a simulated point source light-curve and a synthetic brightness profile it is now
possible to recover a model light-curve for a resolved star. This is produced by a simple
convolution of the point source light-curve and the brightness profile. The bottom panel of
Figure 4.4 demonstrates the model light-curves produced from such a convolution for the
stellar models shown in the panels above. These resultant light-curves appear to conceal
much of the structure evident in the brightness profiles and the two dimensional models
themselves, yet our goal here is to extract such information from stellar occultation data.
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FIGURE 4.4: A demonstration of the generation of model brightness profiles from
simple synthetic stellar images. The top row shows the model stellar images, the
middle row shows the brightness profile produced from each model, and the bottom
row shows the simulated occultation lightcurves produced by each model. The left
column is for a uniform disc, the central is a uniform disc with a thin spherical
circumstellar shell, and the right column shows complex structure represented by an
image of Saturn.
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4.3 Model fitting
In order to extract spatial structure from stellar occultation data it is necessary to be able
to iteratively compare generated model light-curves to the observations. In Paper I this was
performed using the MPFIT (Markwardt, 2009) IDL (Interactive Data Language) routines
to perform Levenberg-Marquardt gradient descent least-squares fitting. Subsequent papers
made use of the Python language and performed fitting in two different ways. The first is
the minimize function within SciPy’s optimize package, providing easy access to many
different minimiser algorithms. The second is MultiNest which performs nested sampling
to calculate Bayesian evidence of fit, and is particularly good at fitting in multi-modal
parameter spaces (Feroz et al., 2013).
All of these tools perform essentially the same function. They allow the construction of
a model light-curve from a number of free parameters, as detailed in Section 4.2, and the
comparison of these light-curves to the observations. The quality of each fit is compared
against those which have gone before, and will influence the direction in parameter space
in which the algorithm will adjust the free parameters for the next test. Once a light-curve
is found which has produced a superior fit and further adjustment produces no gain, this is
determined to be a “best fit” and these optimal parameters are returned. This approach is,
however, heavily influenced by starting parameters, and can easily succumb to local minima.
To overcome this limitation, minimize can be used through the basinhopping function,
which allows a gradient descent algorithm to start from many randomly selected starting
points to have a much better chance of finding the true global minimum. MultiNest
overcomes this problem in a similar manner, aiming to limit the possibility of a narrow
global minimum evading notice of the optimiser.
Section 3 of Paper II (Chapter 5) details a process in which model-independent
brightness profiles can be recovered. This is used to inhibit the formation of model
dependent artefacts in tomographic image reconstruction. Without such a method, it is
expected that recovered images may contain artefacts introduced by forcing data into
the constraints of a particular model. Removing this possibility, and still finding this
same structure in the resultant images is a robust test of the ability of the tomographic
reconstruction process to produce likely images of stellar targets.
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Kronocyclic tomography
This chapter has been previously published as High-angular-resolution stellar imag-
ing with occultations from the Cassini spacecraft – II. Kronocyclic Tomogra-
phy Stewart et al. (2015b) Monthly Notices of the Royal Astronomical Society 449 (2)
1760-1766 (2015). It is referred to herein as Paper II and is presented as published in
Section 5.1.
After demonstrating the potential of the technique in Paper I, this paper explores one
of the possibilities afforded by the spatial information recovered using this technique. It
demonstrates the use of overlapping occultation observations to recover high-resolution two-
dimensional images of stellar targets and presents some examples. This paper concludes
the description of the technique enabling an astrophysical analysis of target stars to be
performed.
The underlying idea of this paper was my own. All code and analysis was written and
performed by myself, with some input from Peter Tuthill and Kieran Larkin. As with the
previous chapter, the observations were provided as a digested data product by Matthew
Hedman. The paper was written in consultation with my academic supervisors and
coauthors. The subtitle of the paper, “Kronocyclic Tomography”, comes from discussions
through Benjamin Pope, with Anthony Alexander, Dr Anne Rogerson, and Nick Olson
within the Department of Classics and Ancient History at the University of Sydney where
“Kronocyclic’ is defined to mean ‘pertaining to the rings of Saturn”.
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ABSTRACT
We present an advance in the use of Cassini observations of stellar occultations by the rings of
Saturn for stellar studies. Stewart et al. demonstrated the potential use of such observations for
measuring stellar angular diameters. Here, we use these same observations, and tomographic
imaging reconstruction techniques, to produce two-dimensional images of complex stellar
systems. We detail the determination of the basic observational reference frame. A technique
for recovering model-independent brightness profiles for data from each occulting edge is
discussed, along with the tomographic combination of these profiles to build an image of the
source star. Finally, we demonstrate the technique with recovered images of the α Centauri
binary system and the circumstellar environment of the evolved late-type giant star, Mira.
Key words: techniques: high angular resolution – techniques: image processing – techniques:
miscellaneous – circumstellar matter – stars: imaging – infrared: stars.
1 IN T RO D U C T I O N
Often, a great deal of useful information about celestial targets may
be obtained from sparse imaging data, such as one-dimensional
brightness profiles. A novel example of such data was presented
in Stewart et al. (2013, hereafter Paper I) which demonstrated the
use of Cassini-VIMS (Visible and Infrared Mapping Spectrome-
ter) observations of stellar occultations by the Saturnian rings to
recover high spatial resolution information about the circumstellar
environment of Mira.
However, there are circumstances in commonly encountered as-
tronomical systems in which simple assumptions such as spherical
symmetry of a target object are no longer reliable. In some of the
most extreme examples, such as imaging the close environments of
very dusty mass-losing evolved stars (Tuthill, Monnier & Danchi
2005), the recovered morphology may have very few residual sym-
metries or predictable structural elements with which to build mod-
els for low-order parameter fitting. In such cases, the only recourse
is some form of model-independent image recovery process.
Although Paper 1 primarily employed the Cassini occultation
data to recover a simple one-dimensional brightness profile, the
data themselves do explore more of the object’s flux distribution
than this. In particular, over the course of single passage of the
entire Saturnian ring system across the sightline to a celestial target,
 E-mail: p.stewart@physics.usyd.edu.au
we found that there were usually a handful of usable occultation
events at various known sharp edges within the ring structure (see
Paper 1 for an explanation of the basic occultation geometry). Most
importantly, the apparent sky orientation of the occulting edge for
each occultation event is a different angle, so that an ensemble of
such events – built up over the course of one or several complete
passes behind the rings – yields a data set capable of constraining a
full two-dimensional image.
More generally the process of reconstructing an image from
a series of overlapping one-dimensional projections is known as
Tomography. This has been particularly important in medical imag-
ing for the past several decades as a non-invasive way to view struc-
tures internal to the human body. It turns out that the data recovered
from Cassini-VIMS occultations form a sufficiently similar repre-
sentation that we are able to employ these same techniques to derive
two-dimensional images of stellar sources and their circumstellar
environments.
The first problem confronted in the image formation process is
recovery of the angle on-sky from each occulting edge in a suit-
able celestial reference frame. This is discussed in Section 2. The
process of generating tomographic reconstructions of stellar targets
themselves is detailed in Section 3, and is broken into steps. The
first (Section 3.1) is to recover the one-dimensional brightness pro-
file of the source star from each occultation observation. These are
then combined tomographically to build an image (Section 3.2)
in an iterative process to determine the projection registration
(Section 3.3).
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Figure 1. An example of the two coordinate systems used to compare
vectors from different sources. The blue vectors identify the f,g,h coordinate
system, with h along the line of sight from Cassini to the star, and centred
on the point where this line intercepts the ring plane, the RPI. The f,g
coordinates define Cassini’s sky plane with f lying in the ring plane. The
black vectors show the x,y,z coordinate system with its origin at the centre
of the planet, z through the poles, and x defined by the ring-plane projection
of the vector towards the star. The red line (rˆ) joins the origins of the
two coordinate systems and φ is the angle between the x-axis and the
kronocentric longitude of the RPI. The red dashed vector is the standard
kronocentric x direction in the ring plane, and φ∗ is the angle between this
and the kronocentric longitude of the star. The projection of the h axis into
the ring plane is parallel to the x-axis, and the angle between the h-axis and
this projection is B∗.
2 PO S I T I O N A N G L E O F P RO J E C T I O N S
In order to make sense of measured asymmetries in fitted bright-
ness profiles, and to register structure against published literature,
the projection angle of each one-dimensional profile must be de-
termined. This is the angle normal to the occulting edge as viewed
in the sky plane of Cassini, relative to north in the celestial sphere
of the Earth. The spacecraft position and pointing direction are
recorded by mission controllers in a kronocentric reference frame,
so the terrestrial celestial north vector must be determined relative
to that of Saturn’s north.
We start by defining two coordinate systems: a kronocentric ref-
erence frame with its origin at the centre of Saturn, and another cen-
tred on the point where the planetary ring-plane intercepts (RPIs)
the line of sight from Cassini to the star as shown in Fig. 1. Using
these two coordinate systems simplifies the process of determining
the required angle using vectors coming from different sources.
The kronocentric coordinate system has its origin at Saturn’s cen-
tre ( ) with z through the planet’s poles and x and y in the ring plane.
The standard 0◦ longitude in the kronocentric coordinate frame is
defined to be the ascending node of the ring plane on the terres-
trial equatorial plane in J2000. In order to simplify the geometry,
we instead define the x-axis to be the ring-plane projection of the
vector from towards the star. This direction is effectively fixed
for any particular star, varying only with planetary precession and
stellar proper motion on million year time-scales. This is achieved
by rotating by the kronian longitude of the star (φ∗) around the
z-axis,
[x, y, z] = R3(φ∗)[x, y, z]. (1)
The second coordinate system has its origin at the RPI which
is the point where the planetary ring plane is intercepted by the
line of sight from Cassini to the star, with one axis (h) running
along the line of sight to the star, and the orthogonal axes (f and g)
Figure 2. Identifying the important vectors in Cassini’s sky plane (defined
by the f and g axes). g is the projection of Saturn’s north vector translated to
the RPI, where the line of sight to the star (unlabelled h axis) is intercepted
by the planetary ring plane. is the direction towards the centre of Saturn.
vˆ⊥ is the direction normal to the rings which corresponds to the direction of
spatial information encoded in the occultation ˆN∼ is the terrestrial celestial
north vector translated to the RPI and P.A. is the position angle of vˆ⊥ relative
to the Earth’s north. Base image: PIA12518 (Cassini Imaging Team 2010)
in Cassini’s sky plane. This coordinate system and the relevant
vectors are shown in Fig. 2.
The sky-plane coordinates can be defined in terms of the Krono-
centric coordinates by
f = y − yr (2)
g = z cos(B∗) − (x − xr ) sin(B∗), (3)
where xr and yr are the x, y coordinates of the RPI and B∗ is the
kronocentric latitude of the star which is constant for any particular
star. This is effectively just a rotation of −B∗ around the y-axis as
[h, f , g] = R2(−B∗)[x − xr , y − yr , z]. (4)
The determination of the radius (rˆ) and longitude (φ) of the of
the RPI is discussed in Paper I. From these, the determination of xr
and yr is trivial,
rˆ = (r cos(φ), r sin(φ), 0) ≡ (x, y, z)r . (5)
We are now able to rotate the terrestrial celestial north vector into
Cassini’s sky plane by employing three matrix rotations. Two of the
three matrices required are taken from equation (1) and (4), while
the final matrix is CEP (αp, δp) which rotates J2000 coordinates into
kronocentric equatorial coordinates. These transformations may be
combined into a single matrix operation:
ˆN∼ ≡ [h, f , g]N = R2(−B∗)R3(φ∗)CEP (αp, δp)[0, 0, 1] (6)
enabling translation of the Earth’s celestial north into the RPI/sky-
plane coordinate system.
The position angle (P.A.) of the occultation can be determined as
follows,
P.A. = cos
−1(v⊥ · ˆN∼ )
v⊥
, (7)
where v⊥ is defined to be the direction normal to the projection of
the ring edge into the sky plane and is different for each occulted
edge. This can be found by
vˆ⊥ = [0, sin(ψ), cos(ψ)] ≡ [h, f , g]v⊥ , (8)
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where ψ is determined from
tan(ψ) = − dg
df
. (9)
The movement of the line of sight to the star in the (f,g) plane is
f = −r sin(φ) + φr cos(φ) (10)
g = [r cos(φ) + φr sin(φ)] sin(B∗) (11)
with r and φ being the change in position of the RPI. r is
locally constant whilst φ varies across the ring edge. Differenti-
ating equations (10) and (11) with respect to r and combining into
equation (9) produces
tan(ψ) = − dg
df
= − tan(φ) sin(B∗), (12)
which can be used to solve equation (8) to produce v⊥ for each
occulting edge.
This set of transformations results in the h-axis lying in direction
of the line of sight to the star, and so it may be ignored here. With
v⊥ and ˆN∼ now rotated to lie in the sky plane (f,g), obtaining the
angle between them is straightforward. The convention adopted is
that the angle will be 0◦ if they happen to align; it will be positive if
vˆ⊥ is to the left of ˆN∼ towards the east in the sky, otherwise negative
(towards the west).
2.1 Angular diversity of observations
As the star is observed to pass behind the rings, it encounters many
edges. Each of these edges yields an occultation light-curve from
which a brightness profile can be obtained with a different P.A., thus
sampling the star in different directions. Every transit behind the ring
plane will produce a different number and diversity of angles. Fig. 3
shows an example of the differences in angular diversity between
two occultations with similar orbital geometry. The occultation on
the left, labelled (a), crosses only two sharp edges, and produces an
angular diversity rose with poor coverage, and almost no sampling in
the N–S direction. The vector direction in the ‘rose’ is the direction
of spatial sampling of the stellar image which is orthogonal to
the projection direction. Occultation (b) has much greater angular
diversity, although many of the angles are largely redundant. It is
has far greater sampling in the N–S direction than it has E–W, and is
generally superior to occultation (a) in almost all respects for image
recovery.
3 TO M O G R A P H I C IM AG E R E C O N S T RU C T I O N
3.1 Model-independent brightness profile recovery
Occultations typically recover one-dimensional brightness profiles.
These are the projection of the two-dimensional image of the star
in the sky plane on to a particular axis. Paper I demonstrated the
successful recovery of circularly symmetric model brightness pro-
files from Cassini occultation observations. The use of models is
a particularly potent way to exploit data which are sparse, noisy
or both. Best-fitting models are able to contribute significantly to
studies of target structure, but they are only capable of parame-
terizing structural elements that are already foreseen in the model
construction.
On the other hand, the present study attempts to obtain a ‘true’
tomographic image, without enforcing symmetries and low-order
Figure 3. A comparison of angular diversity for representative occultation
geometries using indicative edges. The long red vectors indicate the apparent
trajectory of the star behind the rings. The short cyan vectors identify the
normal to some of the occulting edges. Panel (a) shows a minimal occultation
with only two edges that have almost parallel P.As. Panel (b) shows an almost
identical orbital geometry, with vastly different angular diversity, although
most edges produce almost redundant P.As. The cyan vector clusters to the
top left of each shows an angular diversity rose, a quick visual method
introduced here to compare angular diversity between observations. Base
image: PIA10446 (Cassini Imaging Team 2010)
representation that invariably come with the fitting of models. As
a first step, we need to recover one-dimensional brightness profiles
for each occulting edge, independent of any model. The ideal way
to perform this would be to deconvolve the observed light-curve
with the point source light-curve. Unfortunately, the deconvolution
process produces non-unique solutions and is severely undercon-
strained due to the presence of even small amounts of noise found
in all measurements. For this reason, instead of performing a rel-
atively straightforward Fourier deconvolution, more sophisticated
algorithms are required to recover model-independent brightness
profiles.
The approach taken is to allow a model brightness profile to
include a free parameter for each data point in the observation.
Each point is allowed to vary between zero and one before being
convolved with the point source light curve to produce a model light
curve. The point source light-curve is determined using Fresnel
diffraction and the known orbital geometry of Cassini as detailed in
Paper I. These model light curves are in turn compared against the
observed light curve. The process iterates by allowing the synthetic
brightness profile to evolve towards a better fit. This ultimately
produces a brightness profile which generates a light curve closely
matching that which has been observed. Some examples of this
process are shown in Fig. 4.
The model fitting was performed with the MINIMIZE function in
SCIPY’S OPTIMIZE module. This is a series of maximum likelihood
fitting algorithms which are a native part of the SCIPY scientific com-
puting environment for the PYTHON language. The ability to regener-
ate accurate brightness profiles using this method was exhaustively
tested by generating synthetic brightness profiles, adding noise, and
fitting. At a signal-to-noise ratio of 100 we are able to recover the
overall structure of the brightness profile. When the signal-to-noise
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Figure 4. Examples of the model-independent recovery of brightness pro-
files (right), from simulated light-curves (left) and the corresponding point
source light-curve (centre). The recovered profiles are used in Fig. 5, and
the simulated light-curves are produced from the ‘Original Image’ in that
figure, in the directions indicated by the angular diversity rose. The P.A. of
each light-curve is labelled on the left-hand side in the corresponding colour.
The occultation geometry used for each light-curve simulation is identical,
resulting in a common point source light curve.
ratio is reduced to 10, we are able to recover the envelope of the
brightness profile, but not finer details.
3.1.1 The point source case
Ideally, an experimental test of the instrumental transfer function
would be performed in order to validate the model used to trans-
late observational data into measurements of target morphology; in
particular to confirm that departures from idealized representations
of the spacecraft detection system and ring edges do not adversely
affect the data. Often, observations of a known unresolved point
source reference star are taken to serve this purpose. However, the
only stars bright enough to be observed with VIMS in occultation
mode, are inherently large enough to be resolved, making a true
point source observation impossible. This is a problem sometimes
faced by long-baseline ground-based interferometers, where it can
be difficult to identify a calibrator with sufficient surface brightness
to be detected whilst remaining unresolved. In the absence of a
true point source, the most rigorous test available is a comparison
of fitted model parameters to literature values over a wide spectral
range. This was performed by comparing uniform disc fits to ter-
restrial interferometric observations of Mira and was presented in
Paper I. Close agreement with prior literature was shown to validate
results produced from occultations.
3.2 Back projection and regression
The building of a tomographic image requires two steps. These
are back projection and regression. Back projection is projecting
the recovered brightness profiles over each other in the direction
determined by the P.A. The overlapping profiles immediately form
a crude image of the object. More projections and increased an-
gular diversity provides a visibly better image at this stage, but a
limited number of projections or poor angular diversity, as always
occurs with these observations, makes the regression step crucial.
Regression allows the image to be modified in some way, such as
smoothing or concentrating, whilst maintaining the fit to the back
projections.
Tomography is a mature field and has many existing algorithms
and tools capable of recovering images from well sampled data.
Most of these tools are not suited to the sparse angular diversity these
Cassini observations produce. The selection and implementation of
a suitable regression algorithm is therefore critical. The SCIKIT-LEARN
project (Pedregosa et al. 2011) offers machine learning regression
algorithms in PYTHON which proved to be sufficiently versatile and
capable for image reconstruction. Their implementation of an elastic
net linear regularised regression algorithm (Hui Zou 2005) was
found to be highly effective with the sparse data produced with this
technique. The selection of this regularizer was made after extensive
testing of reconstructions of synthetic objects and found visually to
provide the fewest artefacts and the best-defined real structure.
3.3 Centroiding brightness profiles
The brightness profiles as recovered by the algorithms discussed
in Section 3.1 possess no unambiguous phase reference, with the
exception of simple stellar geometries such as binary systems, or
simple circularly symmetric stellar targets. That is to say that when
attempting to back-project more than two brightness profiles taken
at different angles to synthesize a two-dimensional image, the phase
registration or shift of each projection is not fixed, a scenario not
commonly encountered in the tomography literature. For more com-
plex stellar environments, the image reconstruction requires some
sort of referencing between projections, otherwise severe artefacts
can be introduced in the resultant image. If the object being imaged
is known to be inversion symmetric, this process is quite straight-
forward and can be accomplished in several different ways with
relative ease. These include centroiding based on fitting Gaussian
functions, or registration based on the centre of mass of each of the
profiles.
For complex objects known to be dominated by significant asym-
metries, or those with unknown geometries, this process can result
in misfits and introduction of artefacts. The exact registration of an
ensemble of angular-diverse brightness profiles cannot be unam-
biguously determined for an unknown object. In order to assess the
impact of registration on the quality of the output images, a study
simulating the entire process from occultation light curve to image
was performed.
Results from these simulations are given in Fig. 5, which depicts
the impact upon the final image reconstruction of differing levels
of centroiding accuracy. In this case, a small picture of Saturn (top)
was adopted as a useful illustrative model image as it exhibits a
distinct asymmetric geometry, with both coarse and fine features
ideally suited to benchmarking image recovery techniques. The
‘True’ centroiding aligns the profiles based on exact foreknowledge
of the image (and is therefore only possible in a simulation), and
shows the upper bound of expected image quality with perfect reg-
istration. The Gaussian centroiding process fits a Gaussian function
to the recovered brightness profile and performs a registration based
on the function centre. For this particular case (and any significantly
asymmetric object), this approach is not optimal as the brightest part
of the image does not occur at the centre and as a consequence the
image exhibits artefacts. For example, the ring structure recovered
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Figure 5. Simulated images demonstrating the impact of centroiding on
image recovery. The top frame shows the original model image that was
used to generate one-dimensional projections. The angular diversity rose
in the top right of that frame shows the five projection directions. These
projections were convolved with a point source light curve produced from
a typical occultation geometry as shown in Fig. 4. Realistic noise was
added, which remains visible in the reconstructed images as high-frequency
fluctuations. These simulated light-curves were then fitted with the model-
independent process detailed in Section 3.1 to produce brightness profiles.
The brightness profiles recovered for each projection angle can be seen in the
sinograms down the right-hand side with corresponding recovered images
to their left. The vertical axis on the sinograms is at the same scale as the
recovered images.
is now asymmetrically disposed with respect to the planet’s disc.
The third image/sinogram pair demonstrates that even modest mis-
alignment of the registration can produce artefacts (for example,
loss of detail like the elliptical shape of the rings).
After trying several strategies, the most effective method for
registering test images was determined to be an iterative process
using recovered tomographic images as discussed in Section 3.2.
Figure 6. A tomographic reconstruction of the α Cen system from obser-
vations performed on 2008 April 29 during Cassini’s revolution 066. The
axes are centred on α Cen A, and expressed in arcseconds of right ascension
and declination, with north up, and east to the left. The red pluses indicate
the relative position of α Cen B at the start of each calendar year based
on an ephemeris from Pourbaix et al. (2002). The blue cross, labelled with
the decimal year, shows the predicted relative position of α Cen B at this
epoch. The insets show a 1 arcsec zoomed view of each of the stars and the
tomographic artefacts in their vicinity.
At the first iteration, Gaussian centroiding (as above) delivered
a trial recovered image. Next a filtered image was produced by
application of a two-pixel Gaussian blur (removing fine detail), and
a binary mask applied at the 15 per cent cut level truncated low-level
peripheral noise and artefacts. At the fitting step, the registration
of each recovered one-dimensional profile was treated as a free
parameter used to minimize the misfit with the filtered image. Based
on this new ensemble of registrations, a new tomographic image was
recovered and the algorithm had progressed a full cycle. This whole
process was iterated until none of the profiles were able to provide
a better fit with a change in offset. Given the existence of a known
‘truth’ image in our simulations, we were able to show that the
algorithm converged to near the known correct registrations in only
a few iterations. The results of this process are shown in the bottom
row of Fig. 5, where the overall shape and balance of the image is
recovered with minimal artefacts.
4 R E S U LT S O F K RO N O C Y C L I C
TO M O G R A P H Y
4.1 Binary systems: α Centauri
The α Centauri system is the closest stellar system to our Solar
system. It appears to the eye as the third brightest star in the sky,
and the binary nature of α Centauri AB has been observed for over
three hundred years. The orbital elements of the system have been
well defined as it is easily resolved with a small telescope and
has a long history of measurements. Modern techniques have been
able to substantially refine this, providing highly accurate position
predictions.
The effectiveness of tomographic imaging from Cassini stellar
occultations was tested by comparing reconstructions from obser-
vations of α Centauri at two epochs to the orbital predictions of
Pourbaix et al. (2002). The first of these reconstructions is shown
in Fig. 6, from an occultation observed on 2008 April 29 (Cassini’s
revolution 066). The second is from2009 March 6 (Cassini’s rev-
olution 105) and is shown in Fig. 7. These reconstructions found
MNRAS 449, 1760–1766 (2015)
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Figure 7. A tomographic reconstruction of the α Cen system from data
taken on 2009 March 6 during Cassini’s revolution 105. All details as per
Fig. 6.
Table 1. Predictions and results of binary parameters from α Centauri
comparing the Pourbaix et al. (2002) ephemeris and tomographic images.
Epoch Separation (arcsec) P.A. (◦)
(yr) Predicted Measured Predicted Measured
2008.37 8.007 ± 0.007 7.71 ± 0.83 238.55 ± 0.09 236.5 ± 2.9
2009.18 7.399 ± 0.007 7.79 ± 0.55 241.60 ± 0.11 243.6 ± 2.4
the pair of stars to be located as expected to within 5 per cent in
separation, and 2◦ in P.A. as shown in Table 1.
The α Centauri image reconstructions are particularly hindered
by the limited angular diversity provided by the specific occultation
geometry. Both epochs suffered from a lack of diversity amongst the
projection angles, limiting the ability of the technique to accurately
reconstruct the correct P.A. For R. 066 the projections were all
within a 25◦ angle, and for R. 105 they were within 8.◦1 as shown
by the angular diversity roses in Figs 6 and 7. Both cases also had
all their projection angles within 19◦ of the binary P.A., increasing
the uncertainty on the separation. This would be improved if the
P.A. and projection angles were closer to perpendicular. We expect
that improved angular diversity would provide substantially closer
agreement with the predicted binary separation and P.A. In spite of
these limitations, our observations at these two epochs reveal the
expected orbital progression of the binary system.
4.2 Evolved stars: o Ceti
o Ceti is the archetype of the Mira Variable stellar class. These
are evolved stars which have exhausted both the hydrogen and he-
lium in their cores, and are known to exhibit complex circumstellar
structure (Tuthill et al. 2005). Mira itself has been shown to have
an asymmetric circumstellar environment (Karovska et al. 1997;
Figure 8. A three colour tomographic reconstruction of Mira from 2005 June 29 during Cassini’s revolution 10. Red is 4.66 μm, green is 3.32 μm, and blue
is 1.34 μm. North is up and east is left and the axes are in milliarcseconds of right ascension and declination. The angular diversity rose in the top right of the
image shows the projection directions used in the reconstruction. The sampling resolution of each projection is indicated by the length of the corresponding
stroke in the rose.
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Martin et al. 2007) including dusty concentric shell-like structures
(Lopez et al. 1997; Cruzalebes et al. 1998).
Paper I demonstrated the use of Cassini stellar occultations to
measure the wavelength-dependant mean diameter of Mira. Here,
we use the same observations from Cassini’s revolution 10 to tomo-
graphically reconstruct a high-resolution image of Mira. Observa-
tions from earlier epochs (Revs. 8 and 9) were found to each have
relatively poor angular diversity. The inherent variable nature of
Mira prevents using brightness profiles from different epochs being
used together to improve this diversity. The results of this recon-
struction are shown in Fig. 8 revealing the complex structure of the
circumstellar environment of Mira. Occultations by the outer edge
of the Keeler Gap on ingress, and the Encke Gap on both ingress
and egress were used for this reconstruction. These particular edges
were found to produce a consistent reconstruction with minimal
noise. It shows a bright core with a diameter of around 30 mas as
shown in Paper I which contain the vast majority of the stellar flux.
The remaining flux forms a complex dusty environment cooling in
discrete steps as a function of radius. The first of these occurs at a ra-
dius of around 80 mas and the second at a radius of around 200 mas.
These are consistent with previously identified dynamic H2O shell
structures (Matsuura et al. 2002). All of these structures are revealed
to be somewhat asymmetric with their respective radii varying with
angle. The most obvious of these asymmetries is the enlargement
of the outer cooler layer to the north-east of the star. Similar asym-
metries within the inner 100 mas have previously been identified
in the visible part of the spectrum (Wilson et al. 1992; Karovska
et al. 1997). Fig. 8 also shows examples of some of the artefacts
which this process can introduce. One of these is the clumpiness
of the dusty areas on approximately the same scale as the angular
sampling. Another is the rays which can be seen stretching across
the image perpendicular to the sampling directions indicated in the
angular diversity rose. These are a by-product of back projection,
and are reduced with improved angular diversity. The consequence
of these artefacts is that fine structure in the resulting images should
be treated with scepticism; however, the overall envelope appears to
be robust. A detailed astrophysical interpretation, including poly-
chromatic reconstructed images, will be presented in a forthcoming
paper.
5 C O N C L U S I O N S
We have successfully demonstrated a technique to use stellar occul-
tations by the rings of Saturn, as observed by Cassini, to produce
tomographic images of stellar systems. This required a thorough
understanding of the spacecraft’s orbital geometry, and a transla-
tion into a terrestrial reference frame. It also entailed the extraction
of model-independent one-dimensional brightness profiles and de-
veloping an understanding of tomographic processes. The process
was tested and verified by imaging the known geometry of the α
Centauri binary system. It was then applied to the dynamic, ever
evolving inner regions of Mira’s dusty circumstellar environment.
This technique has the potential to obtain polychromatic stel-
lar images from a space platform at similar angular resolutions to
terrestrial long-baseline interferometry. It can be applied to both
archived and new observations (until Cassini’s planned demise in
2017) providing they have appropriate occultation geometry. Its
application to other stellar systems could potentially yield reveal
additional spatial information about circumstellar environments.
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CHAPTER6
Mira
This chapter has been previously published as High-angular-resolution stellar imag-
ing with occultations from the Cassini spacecraft – III. Mira Stewart et al.
(2016a) Monthly Notices of the Royal Astronomical Society 457 (2) 1410-1418 (2016). It
is referred to herein as Paper III and is presented as published in Section 6.1.
Once the application of the technique had been established in Paper I and Paper II it
was possible to move to an astrophysical analysis of the observations of the evolved star,
Mira (o Cet). This includes bringing together the spectral observations from Chapter 3,
the spatial information from Chapter 4 and the image recovery from Chapter 5.
The ideas behind this paper are mostly my own, with advice and input from my PhD
supervisor Professor Tuthill. All code and analyses were written and performed by myself,
and as with the previous chapters the observations were provided as a digested data
product by Matthew Hedman. The paper was written in consultation with coauthors,
especially Professor Tuthill. The fitting of simple models to the observations as presented
in Section 4.1 of this paper is similar to earlier work submitted in my undergraduate
honours thesis (Stewart, 2011). As the data reduction and analysis was redone from scratch
in a different programming language and a more robust manner, none of the previous work
itself is presented in this paper.
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ABSTRACT
We present an analysis of spectral and spatial data of Mira obtained by the Cassini spacecraft,
which not only observed the star’s spectra over a broad range of near-infrared wavelengths, but
was also able to obtain high-resolution spatial information by watching the star pass behind
Saturn’s rings. The observed spectral range of 1–5 microns reveals the stellar atmosphere in the
crucial water-bands which are unavailable to terrestrial observers, and the simultaneous spatial
sampling allows the origin of spectral features to be located in the stellar environment. Models
are fitted to the data, revealing the spectral and spatial structure of molecular layers surrounding
the star. High-resolution imagery is recovered revealing the layered and asymmetric nature
of the stellar atmosphere. The observational data set is also used to confront the state-of-the-
art cool opacity-sampling dynamic extended atmosphere models of Mira variables through a
detailed spectral and spatial comparison, revealing in general a good agreement with some
specific departures corresponding to particular spectral features.
Key words: stars: AGB and post-AGB – circumstellar matter – stars: individual:
IRC+10216 – stars: oscillations – stars: winds, outflows – infrared: stars.
1 IN T RO D U C T I O N
The archetype of the ‘Mira-type’ variables, Mira (aka o Ceti, or HD
14386), was the first identified intrinsically variable star and after
centuries of research it remains an intensively studied object today. It
is an M-type (oxygen rich) asymptotic giant branch (AGB) star with
an extraordinary 8 mag pulsation amplitude at visible wavelengths
and a pulsation period of 331 d (Mayer et al. 2011). The star is known
to be experiencing significant mass-loss of around 10−7 M yr−1
(Mauron & Caux 1992). Measurements of the distance to the star
range from 92 (van Leeuwen 2007) to 107 parsecs (Knapp et al.
2003).
For C-type (carbon-rich) Mira variables, physical processes
which produce mass-loss emerge readily from model stellar at-
mospheres. Matter is elevated by radial pulsations of the star and as
this cools carbonaceous dust grains are able to condense. Due to the
opacity of these grains, they are easily able to be radiatively acceler-
ated outwards through absorption of stellar photons, also entraining
atmospheric gas and producing an outflowing wind (Winters et al.
2000; Sacuto et al. 2010; Nowotny et al. 2011). A similar physi-
cal process has been sought to explain the winds of M-type Mira
variables, but models have yet to produce a convincing wind using
dust absorption, due in a large part to the relative lack of opacity
E-mail: p.stewart@physics.usyd.edu.au
of modelled silicate dust grains. Ho¨fner (2008) suggested that the
wind could instead be produced by micron-scale transparent grains
which scatter the stellar photons, and a signature of such grains was
detected by Norris et al. (2012) using polarimetric interferometry.
The Cool Opacity-sampling Dynamic EXtended (CODEX) atmo-
sphere models presented in Ireland, Scholz & Wood (2008, 2011)
and Scholz, Ireland & Wood (2014) aim to simulate the physical be-
haviour of the atmospheres of M-type Mira variables. These models
have been shown to reproduce some spatial and spectral features of
such stars (Ireland et al. 2008, 2011).
A significant hurdle in unravelling the nature of the stellar atmo-
sphere in which these winds form has been obtaining concurrent
observational data with both fine angular sampling and spectral
coverage. This difficulty is enhanced by telluric atmospheric ab-
sorption in the near-infrared due to the presence of water vapour.
These same water-bands are also known to be very significant fea-
tures in the atmosphere of Mira type stars (Matsuura et al. 2002).
The timing of maximal brightness within each stellar pulsation is
a function of wavelength, with visual bands preceding the infrared.
The minima are known to be wavelength independent (Lockwood &
Wing 1971).
In this paper, we present spectral measurements and observations
of Mira as it is occulted by the rings of Saturn. The use of Cassini
occultations for stellar imaging was detailed in Stewart et al. (2013,
hereafter Paper I) who demonstrated their potential for simultaneous
spectral and high spatial resolution studies. This work was extended
C© 2016 The Authors
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to demonstrate how the technique could be combined with tomo-
graphic image reconstruction to produce high-resolution 2D images
of stellar targets in Stewart et al. (2015b, hereafter Paper II), with
images produced using the technique presented in Stewart et al.
(2015c). The spectral window which is open to the infrared channel
of Cassini ’s Visible and Infrared Mapping Spectrometer (VIMS-
IR) ranges from 0.8 to 5.1 µm, providing access to the otherwise
inaccessible water-band regions in the circumstellar environment.
The recovery of stellar spectra from VIMS-IR is detailed in Stewart
et al. (2015a) which was used to produce the Cassini Atlas Of Stel-
lar Spectra (henceforth CAOSS). Paper I showed that Mira’s faint
companion is not detectable in these data with the short exposure
times used.
We provide details of the observations in Section 2, and then
examine the measured spectral structure of the star in Section 3, and
the spatial structure of the circumstellar environment in Section 4.
A detailed comparison of the observations with the state-of-the-art
CODEX models is performed in Section 5.
2 TH E O B S E RVATI O N S
Observations of Mira for which spectra could be recovered are given
in Table 1. A subset of these also contains suitable ring edge occul-
tations permitting spatial structure recovery, as listed in Table 2.
The spectral observations were acquired in two different ways
depending on the intended purpose of the observation. Epochs 2
and 14 were obtained as part of an ongoing instrumental calibration
and monitoring programme as detailed in Stewart et al. (2015a),
whilst all other epochs were acquired as part of a stellar occultation
observation. The occultation observations were initially acquired
in order to understand the structure of Saturn’s rings. Results from
these studies were first published by Hedman et al. (2007) reveal-
ing the presence of self-gravity wake structures within the A ring.
Papers I and II demonstrate that it is also possible to recover details
of the circumstellar environment from such observations. Stellar
occultations were observed on six separate orbits in which Mira
passed behind the rings from the perspective of Cassini . Of these,
three had geometries suitable for recovery of spatial information
and are detailed in Table 2. Two of the geometries (10a & 10b)
Table 1. Spectral observations. Epoch identifies each observation based on
the year that were acquired. Visual pulsation phase (φ) is measured relative
to the adjacent peaks in the visual band based on measurements in the
AAVSO data base. Each oscillation is defined to be divided evenly in time
spanning 0 to 1, with the visual maximum occurring on the whole number.
The relative uncertainties of phase are within ±0.01 whilst their absolute
uncertainties are ±0.05. The cycle is identified by the epoch label and by
whole numbers in φ where φ = 0.0 is the 2001 September 10.
Epoch Date φ # Channels λ range (µm)
2 2002 Jul 19 0.94 244 0.88–5.12
5a 2005 May 24 4.03 14 0.94–2.79
114 2.76–5.07
5b 2005 Jun 11 4.08 14 0.94–2.79
118 2.76–5.12
5c 2005 Jun 18 4.14 14 0.94–2.79
117 2.76–5.11
5d 2005 Aug 05 4.25 14 0.94–2.79
116 2.76–5.12
10a 2010 Jun 03 9.57 155 0.88–3.19
10b 2010 Jul 24 9.72 14 0.94–2.79
114 2.76–5.11
14 2014 Apr 11 13.79 246 0.88–5.12
Table 2. Spatial observations from stellar occultations. Epoch identifies
each observation as per Table 1. Edge is the name of the ring, ringlet,
or gap edge which has occulted the star. θS is the sampling resolution
at each edge. PA is the position angle of the occultation in Earth-based
celestial coordinates with north being 0◦. The names of edges are as defined
by Colwell et al. (2009) with identifiers from French (1993) where ‘IEG’
and ‘OER’ indicated the inner and outer edges, of gaps or rings/ringlets,
respectively. Each edge is crossed in both the ingress and egress of the
occultation, providing the two different values in the θS and PA columns in
temporal order.
Epoch Date Edge θS(mas) PA(◦)
5a 2005 May 24 A OER 11.9/7.00 7/175
Keeler OEG 11.9/7.00 7/175
Keeler IEG 11.9/6.99 7/175
Encke OEG 12.1/6.91 7/175
Encke IEG 12.1/6.91 8/175
Laplace IER 15.6/5.97 20/172
Huygens OER 18.9/5.41 34/170
Huygens IER 19.0/5.39 35/170
B OER 19.5/5.34 37/170
5b 2005 Jun 11 A OER 13.7/6.67 12/174
Keeler OEG 13.7/6.65 12/173
Keeler IEG 13.8/6.65 12/173
Encke OEG 14.6/6.42 15/173
Encke IEG 14.8/6.38 16/170
5c 2005 Jun 29 A OER 17.1/6.00 24/171
Keeler OEG 17.4/5.95 25/171
Keeler IEG 17.5/5.95 25/171
Encke OEG 22.6/4.92 64/168
Encke IEG 22.1/4.69 77/169
were unsuitable due to the high velocity of the spacecraft at the
time of the observations. In the observation labelled 5d, the occulta-
tion chord passed through the F ring only, and did not intersect any
sharp edges suitable for our purpose. The edges listed in Table 2 are
those found to produce light curves suitable for model fitting. The
sharpness of these edges has been measured by Colwell et al. (2010)
and Jerousek, Colwell & Esposito (2011) to be as small as 9.0 m
radially in the ring-plane, corresponding to an angle of 1.2 mas for
a typical occultation geometry. This is considerably smaller than
the perpendicular sampling resolution (θS) observations in this set
(Table 2). This edge sharpness is further enhanced by the very small
opening angle (3.◦45) between the ring-plane and the line of sight to
the star, resulting in rings that are almost edge on to the line of sight,
and causing the rings to be almost opaque. It has been established
in Paper I that such geometries are particularly favourable to the
recovery of stellar spatial information.
The point where the line of sight from Cassini to the star is inter-
cepted by the planetary ring-plane is referred to as the Ring-Plane
Intercept (RPI) as defined in Paper I. The spatial sampling resolu-
tion of each occultation event (θS) is dependent on the observation
parameters of the instrument, the orbital geometry of Cassini, and
the speed at which the RPI moves in the direction perpendicu-
lar to the occulting edge as detailed in Paper I. The value of θS
for each of the occultation events used in this paper are listed in
Table 2. The position angle (PA) of each edge is defined by the
angle between the outward-directed normal to the ring edge in
Cassini’s sky-plane, and a projection of the terrestrial ‘north’ origi-
nating from the RPI. This angle is the direction in which the image
of the star in the sky-plane is sliced by the occultation process, and
allows for comparisons to other methods in the literature reported
MNRAS 457, 1410–1418 (2016)
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in a terrestrial reference frame. The technique applied to calculate
the PA is detailed in Section 2 of Paper II.
3 V IMS-IR SPECTRA
Spectra of Mira have been recorded by VIMS with different con-
figurations on eight different occasions and are presented in Fig. 1.
The resultant spectra for each epoch vary in both spectral coverage
and resolution. Epochs 2 and 14 are from CAOSS and of these, 14
comes directly from the main atlas with a well calibrated absolute
flux and is shown in blue in the bottom panel of Fig. 1. Epoch 2
in the top panel of Fig. 1, also shown in blue, has a potentially un-
reliable absolute flux calibration and must be treated with caution.
However, its relative calibration over small ranges in wavelength
is acceptable. The uncertainty in absolute flux calibration is due to
part of the stellar image falling between the instrument’s pixels and
is discussed in detail in Stewart et al. (2015a). The purple spectra
in the other panels come from single frames taken in 2D imaging
mode before each occultation observation. These were acquired in
order to identify in which pixel within the image the star is lo-
cated and are presented for epochs 5a–d and 10b, but not for 10a
where the finding frame was noise dominated. Early in the mission,
these finding frames only consisted of specific parts of the spec-
trum in order to avoid potential scattered light from the rings, and
are consequently limited to the red end of the spectral range. They
have been processed following standard protocols used to produce
CAOSS in order to recover flux-calibrated spectra. The black points
in Fig. 1 come from the occultation observations themselves. They
are single-pixel measurements extracted from the ends of the oc-
cultation time series data, either before or after the line of sight is
intercepted by the F ring, and therefore contain only starlight and
no contamination by tenuous ring material. Occultation observa-
tions are generally recorded with the 256 spectral channels binned
into 32 channels, so these are much coarser than other VIMS-IR
spectra. An exception is the 10a occultation which was acquired at
full spectral resolution. For comparison purposes, the brightness of
Mira in three photometric bands from a single epoch published in
2MASS are shown in orange (Skrutskie et al. 2006).
3.1 Spectral structure
The dominant spectral features at all epochs are the strong absorp-
tion bands at 1.1, 1.4, and 1.9µm, corresponding to molecular water
in the stellar atmosphere (Tej et al. 2003). These are better defined
for those epochs with higher spectral resolution, yet are very pro-
nounced at all epochs. The other significant spectral feature is the
broad hump which peaks between 3.5 and 4 µm. This shape of this
feature is primarily determined by the relative abundances of H2O,
CO and OH (Yamamura, de Jong & Cami 1999).
3.2 Temporal variations in the spectra
Of the eight epochs for which spectra have been observed, four are
on adjacent or near-adjacent orbits (5a–d), two are temporally near
each other but distant from the other epochs (10a–b), and another
two are temporally isolated (2 and 14). The orbital period of Cassini
at the time of 5a–d and 10a–b was approximately 18 d – only a small
fraction of Mira’s 331 d stellar pulsation period.
The first epoch, 2, occurred immediately before a visual maxi-
mum as the infrared luminosity was rising.
Epochs 5a–d span 73 d, or 22 per cent of one stellar pulsation
cycle, and correspond to the period immediately following visual
Figure 1. An eight epoch record of the changing spectrum of Mira. The
visual phase and epoch label is in the top-right corner of each panel. All
panels span identical axes with the horizontal showing the observed wave-
length in microns and the vertical being flux density in 103 Janskies. Blue
spectra are from CAOSS. The purple spectra are processed through the
CAOSS pipeline, but come from single frames taken before an occultation
observation. Black points come from the occultations themselves with the
line through them given as a guide to the eye. The orange crosses in each
panel are J, H, K fluxes from 2MASS and are shown to provide a static
reference. Full details are in Section 3.
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maximum. Woodruff et al. (2008) identified a phase lag of ∼0.2
behind the visual cycle for the J, H and K bands and ∼0.3 for L
band. This is evident in our observations, where the maximum at J,
H, and K are seen to occur between 5c and 5d, whilst L band is still
rising at 5d.
Epochs 10a and 10b span 51 d near the minimum of the visual
cycle, where the minima are wavelength independent and corre-
spond to the largest angular size (Lockwood & Wing 1971). Epoch
10a has the deepest water absorption bands of all epochs with flux
in the band between H and K decreased to 27 per cent of the mean
of the adjacent peaks. This is as expected with the atmosphere at
its largest extent and near minima in brightness (Woodruff et al.
2008). This epoch also shows a shift in the peak of the broad hump
towards longer wavelengths as OH becomes more abundant. When
down-sampled to a matching spectral resolution, the differences be-
tween 10a and 10b are found to be very small, confirming that the
dimmest parts of the pulsation cycle can be relatively stable over
short time-scales of the order of 15 per cent of a pulsation cycle.
The final epoch, 14, occurred almost 4 yr after the previous
epoch and was after the visual minimum, as the star had started to
brighten. The depth of the water-band between H and K reduced
to 43 per cent of the adjacent peaks as the atmosphere begins to
contract. The peak of the broad hump is seen to move back towards
the shorter wavelengths.
4 C I R C U M S T E L L A R ST RU C T U R E
The process to recover high-resolution spatial information from
these observations is detailed in Paper I, along with the results of
fitting a uniform disc model. In the following subsections, variations
on this simple model are presented and demonstrated to better de-
scribe the structure of Mira’s circumstellar environment. Temporal
variations in this structure between epochs are explored, as are de-
partures from spherical symmetry in the fitted models. This section
concludes with the presentation of high-resolution tomographically
recovered 2D images of Mira in four wavebands.
4.1 Radial structure
The uniform disc model used in Paper I was selected to allow for
a direct comparison of the resolving ability of this technique to
literature measurements. It assumes the star is a uniformly bright
perfect circle on the sky, and has only a single free parameter, the
disc diameter. Like most existing stellar models it assumes the star
is spherically symmetric.
Here we extend this simple model, and upgrade the fitting algo-
rithm to MULTINEST (Feroz et al. 2014), which improves the fitting
results and provides a better indication of the real structure of Mira’s
circumstellar environment. The first change to the model is the ad-
dition of an optically and physically thin spherical shell, concentric
with the stellar disc to produce a uniform disc with single shell
(UDSS) model. Similar structures have been previously identified
enveloping Mira variables (Karovicova et al. 2011; Wittkowski et al.
2011), including Mira itself (Lopez et al. 1997; Cruzalebes et al.
1998). The results of this model fit with a comparison to the uniform
disc model used in Paper I and spanning all observed wavelengths
and three spatial epochs are shown in Fig. 2. The curves shown in
this figure are the average of the fitted parameters for all occult-
ing edges at that epoch, in effect averaging over PA and assuming
spherical symmetry.
The reduced χ2 plots (green and blue lines in the lower panels
of each set) show that the UDSS model is a significantly better fit
Figure 2. The uniform disc and UDSS model fits for the three spatial
epochs. Each epoch is the average of all suitable occulting edges observed
within that occultation as listed in Table 2. 5a is shown in the first two panels,
followed by 5b in the middle two and 5c in the lower two panels. The upper
panel in each pair shows the diameters of modelled stellar structure versus
wavelength with green indicating the size of a fitted uniform disc model
without a shell, and blue representing the diameters of the uniform disc with
a thin spherical circumstellar shell in the UDSS model. The smaller of these
is the disc, whilst the larger is the shell. The filled region represents a 1σ
variation in model fits. The lower panel in each set shows the reduced χ2 for
the uniform disc fit and the UDSS fit in green and blue, respectively, against
the left axis. The lower panel in each set also shows the integrated contrast
ratio of all shell flux to all disc flux with 1σ uncertainties in purple against
the right axis.
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Figure 3. A histogram revealing the distribution of fitted shell diameters.
The horizontal axis shows the shell diameter in milliarcseconds and the
vertical axis shows the number of fitted values in each bin. These values
are the measured shell diameter for all spectral channels at all epochs. The
data are presented in three colours identifying the structures discussed in
Section 4.1.
to the observations across almost all wavelengths and all epochs
than the uniform disc by itself. As the UDSS model contains more
degrees of freedom than the uniform disc model, the reduced χ2
provides a conservative way to illustrate the change in the quality of
the fit. All epochs show the same general shape for the wavelength
dependence of the disc and shell diameters. The shell tends to
follow a generally similar profile to the disc, and falls into three
wavelength dependent discrete levels, emphasized in the histogram
shown in Fig. 3. These atmospheric layers are observed at diameters
of ∼60, ∼200 and ∼400 mas and are due to absorption and emission
by different molecular species dominating at different temperatures.
The layers are identified as corresponding to H2O at 2000 K, H2O
at 1200 K, and CO2 at 800 K, respectively (Yamamura et al. 1999;
Tej et al. 2003; Justtanont et al. 2004). Other molecular species have
previously been shown to contribute to the flux in the near-infrared,
such as CO, OH, SiO, and C2H2 (Yamamura et al. 1999; Tej et al.
2003; Justtanont et al. 2004; van Loon et al. 2006; Wittkowski et al.
2011). However, spectral features corresponding to these species
were not observed within this data set. Fluctuations in the size
of the inner, hotter, layer correspond to the water-bands identified
spectrally in Section 3. The integrated contrast ratio between the
shell and the disc (filled band in the lower panels of each set)
is broadly constant. Redwards of ∼4.5 µm, the contrast ratio in all
epochs drops to a steady 10 per cent, but otherwise tends to fluctuate
between 20 and 30 per cent across the observed wavelength range.
These molecular layers are observed as a relative increase in at-
mospheric opacity in the vicinity of the listed diameters. The inner
layer, H2O at 2000 K, is associated with the dissociation of H2O
molecules, whilst the other two identified layers indicate an accu-
mulation of molecular material at their respective diameters. The
layers are expected to be dynamic and transient features, oscillating
with the stellar pulsations, and expanding outward with the stellar
wind.
Due to the detection of physical circumstellar shells with discrete
diameters, more complex models were fitted with nested shells,
and nested uniform and limb darkened discs. The results were a
marginally yet consistently improved reduced χ2 value for most
wavelengths in all epochs. This improvement was not significant
enough for any of these models to be able to definitively state the
superiority of any particular model, but it does support the idea
of a multilayered atmosphere. The UDSS model used here is a
simplification of the circumstellar structure. In spite of this, it is
shown to be highly effective at identifying the spatial location of
broad molecular features previously identified spectrally.
Figure 4. The UDSS model as shown in Fig. 2. The lower curves are the
diameters of the fitted uniform disc whilst the upper are the fitted diameters
of the shell. All three epochs are shown on the same axes to emphasize the
temporal changes in the circumstellar environment. The epochs are labelled
in the legend and coloured in green for 5a, blue for 5b, and purple for 5c. Each
curve is comprised of a centreline within a shaded region. The centreline
indicates the parameters which result in the best fit in each spectral channel,
whilst the shaded region represents the 1σ variation to these best-fitting
parameters.
4.2 Temporal variations in circumstellar structure
Our three spatial epochs were recorded on subsequent orbits with
a constant temporal separation of approximately 18 d. The epochs
are therefore separated by approximately 0.054 stellar pulsation
periods, and span a total range of 0.11 periods based on a 331 d
stellar period. We determined that these observations correspond
to phases of φ = 4.03, 4.08 and 4.14 for epochs 5a, 5b and 5c,
respectively, where φ = 4.0 is the preceding visual brightness max-
imum. This corresponds to the region between the visual and near-
infrared maxima (φ = 0.2). Mira variables have long been shown
to exhibit a coarse anticorrelation between their visible luminos-
ity and angular diameter (Burns et al. 1998; Young et al. 2000;
Thompson, Creech-Eakman & Akeson 2002; Woodruff et al. 2009).
The brightest parts of Mira’s pulsation cycle occur when the star is
near its smallest physical extent and exhibits less molecular absorp-
tion. This is particularly true for the photosphere and inner regions
of the atmosphere where the vast majority of the flux originates.
Oscillations in the distant outer layers of the atmosphere span many
periods of the photospheric cycle, and contribute to the observed
cycle to cycle variations.
Fig. 4 shows the diameter changes in fitted UDSS models between
epochs 5a, 5b and 5c. This allows for any variations between epochs
to be easily identified. There are two regions where there appears
to be very little difference in the shell diameters between the three
epochs. These are one of the water-bands, between 1.8 and 2.2 µm
and the CO2 feature at 4.4 µm, suggesting these structures can be
quite stable over the short term. Epochs 5a and 5b are mostly very
similar, with a slight decrease in the shell size between 3.4 and
4.1 µm, revealing the star passing through it is minimum in size.
The most significant temporal change observed is an expansion
between 5b and 5c in most wavelengths for both the disc and the
shell. This effect is notable at wavelengths shortward of 1.7 µm and
longward of 4.5 µm for the shell. It is also seen in the disc diameters
for all wavelengths longer than 3.3 µm.
Woodruff et al. (2008) presented fitted sinusoidal phase curves
of Mira for a uniform disc model in the J, H, K, and L bands.
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Figure 5. Angular diversity roses as defined in Paper II, showing the PA
sampled by each edge within the occultation. The lengths of the lines are
proportional to log(v⊥) (the perpendicular velocity of the RPI in Cassini’s
sky-plane) and give an indication of how the sampling resolution changes
with angle with a shorter line indicating a finer sampling resolution. These
lengths can be compared to the scale in the bottom-right corner of the plot,
or taken from Table 2. Note that the diversity of sampled angles in 5b is
particularly poor whilst 5c is substantially more diverse. North is the top of
each plot with east to the left.
The behaviour at J, H and L band in our observations is consis-
tent with their fitted sinusoids. K band (2.26 µm) however, was
expected to have a decrease in uniform disc diameter of approxi-
mately 10 per cent over the course of the three epochs which is not
evident in the observations, in either the disc or shell.
4.3 Asymmetry
The models discussed above assume that the star is inherently spher-
ically symmetric. There have been very few stellar models to date
which have tried to incorporate departures from simple symmetric
structure (Woitke 2006a,b). This is in sharp contrast to the wealth
of observational data which reveal significant asymmetries in Mira
variable stars (Lopez et al. 1997; Chandler et al. 2007), including
Mira itself (Karovska et al. 1997; Martin et al. 2007).
Each occulting edge is associated with a specific angle, and the
associated brightness profile encodes spatial information about the
image of the star projected on a single direction. The occulting an-
gles for these observations are listed in Table 2 and angular diversity
roses showing the relative PA of these slices are shown in Fig. 5. By
comparing the estimated size of circumstellar structure recovered
from different occulting edges, it is possible to determine the extent
of any deviations from circular symmetry present at the time of
the observations. This technique is limited to measuring asymmetry
spanned by the diversity of PA available. Fig. 5 reveals that epochs
5a and 5b lack sufficient angular diversity to make any substantial
claims about any asymmetries at these epochs. But epoch 5c does
have sufficient diversity to observe such asymmetries, and these
will be explored in Section 4.4.
4.4 Kronocyclic tomography
Paper II demonstrated how these Cassini observations of stellar
occultations can be used to recover high-resolution 2D images of
the target star and its circumstellar environment. This is done by
fitting model-independent brightness profiles to data for a range
of occultation angles and combining them tomographically to pro-
duce a 2D image of the star. The relatively good angular diversity
of epoch 5c, as discussed in Section 4.3, allows the application of
this method and the recovery of stellar images in different wave-
bands. These are shown in Fig. 6 for four diverse spectral bands.
Five adjacent spectral channels were co-added for the recovery of
the model-independent brightness profiles in order to suppress noisy
data points which can easily lead to significant artefacts in the resul-
tant image. This results in a broad spectral bandwidth of ∼0.68 µm
for each image, with the centre wavelength indicated in the top-left
corner of each panel. These broad-bands were selected to emphasize
the identified circumstellar features. No imaging data were found
in the literature with which to directly compare these recovered
images. In order for a comparison to be meaningful, observations
must be in similar spectral bands and from proximate epochs. The
nearest matches in the literature are a 700 nm image from an obser-
vation in 1991 (Wilson et al. 1992) and a 500 nm image from 1995
(Karovska et al. 1997). In spite of the elapsed decade between these
and the 2005 epoch presented here, and observing in a different part
of the spectrum, a similar broad northern/north-western extension
observed in these earlier images is seen in the shortest wavelength
image presented in Panel 1 of Fig. 6.
The general spectral shape seen in the shell and disc of 5c in
Fig. 2 is seen in the variation in brightness of the structures between
the different spectral bands in Fig. 6, with a larger size at λ =
2.92 and 4.53 µm and a smaller size through the water-bands at λ =
1.32µm, and at λ = 3.86µm. The discrete shell levels at ∼60, ∼200
and ∼400 mas described in Section 4.1 are evident to some extent
in all bands, but are particularly clear at λ = 2.92 and 4.53 µm.
The outer shell is asymmetric, clumpy, and incomplete in most
bands, with the exception of 4.53 µm. The faint north-westward
protrusion in the recovered images at 1.34, 2.92, and 3.86 µm is
a tomographic artefact as discussed in Paper II. There is a broad
asymmetric brightening to the south in all bands, and there is much
less structure evident in the north-west of the circum. The stellar
disc itself is buried in the inner regions of the images, and is not
clearly discernible.
5 C O D E X M O D E L S
The intention of the CODEX models is to understand the cycle
to cycle behaviour or Mira variables. This is done through calcu-
lations of the physical centre-to-limb profiles revealing changing
temperature, and chemical and radiative states as a function of ra-
dius. The CODEX models span several stellar pulsation cycles and
deliberately include cycles which are both particularly compact and
extended as well as molecular layers and expanding shock driven
shells. They span the range from the inner regions of the star ad-
jacent to the stellar core, out to many stellar diameters beyond the
photosphere.
The models can therefore predict structure on the spatial scales
resolved in Section 4, and spectral variations throughout the spectral
range covered by VIMS and discussed in Section 3. Ireland et al.
(2008, 2011) compared these models to ground-based observations
of the stellar spectra of the modelled stars, but did not include the
near-infrared water-bands which are inaccessible to terrestrial ob-
servers. Yet these bands are critical in understanding the behaviour
of these stars with their complex molecular atmospheres. The ‘o54’
model series is used here as it was specifically designed to closely
match the observable behaviour of Mira itself. The zero-point of
the pulsation phase of the CODEX model is set to an estimated
maximum bolometric luminosity (Ireland et al. 2008), which lags
the visual phase by approximately φ = 0.1 (Ireland et al. 2004). In
this analysis, the phases of the CODEX models have been shifted
to the more common visual maximum at φ = 0.0. The models are
available divided temporally into tenths of a cycle, allowing a com-
parison of observations to the nearest 0.1 of a cycle. They are also
generated and made public at a spectral resolution of R ≈ 1000, but
are downsampled here for the purposes of comparison with Cassini
occultation data.
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Figure 6. Tomographically recovered images of Mira in four spectral bands from the 5c epoch. The axes for all panels are identical, scaled as milliarcseconds
in right ascension or declination. The centre wavelength is indicated in the top left of each panel. The angular diversity rose in the top right of the figure shows
the occultation angles, and sampling resolution of the occultations used in the recovery of these images. Diameters of the 60, 200, and 400 mas shells are
indicated by the circles traced by the white, blue, and black points. North is to the top and east is to the left.
5.1 CODEX spectral predictions
Fig. 7 shows the eight spectral epochs presented in Section 3 com-
pared with the CODEX models for the nearest three phase incre-
ments. The CODEX spectra are plotted in darkening shades of red
as they advance in time. For example, the 5b spectrum is compared
to CODEX models for φ = 0.0, 0.1, and 0.2.
The most striking variation between the spectra predicted by the
CODEX models and the observations presented here occurs in 5a–
d, spanning the visual and infrared peaks shortward of λ = 3µm.
In these phases, the models predict the effective elimination of the
water absorption bands shortward of 2.4 µm, yet the observations
show they remain, even if somewhat weaker than in other parts
of the cycle. It is a possibility that the particular cycle in which
these observations were acquired included an uncharacteristically
dim maximum, with unusually deep water absorption bands, but
AAVSO measurements in the visual band do not support this. In-
stead, it appears that the CODEX models underpredict the amount
of H2O absorption which occurs through the visual peak of the
stellar pulsation cycle. Observations 10a–b also reveal an overpre-
dicted CODEX luminosity around the location of the water-bands,
yet the depth of the bands is approximately at the observed level.
In the observations which occur between the minima and maxima
(epochs 2 and 14), the predictions of the models closely match the
observations for most of the covered wavelength range.
The shape of the broad dip and rise between 2.6 and 4.1 µm is
well matched in epochs 14, and 10b, whilst the epoch 14 observa-
tion shows less absorption. Epochs 5a–d are seen to depart from
the predictions for this wavelength region, with the predicted peak
at 3.2 µm instead being located at 3.5 µm, suggesting the ratios
between molecular species in the model are inaccurate.
All phases with suitable data are shown to be well predicted for
wavelengths longer than 4.1 µm.
5.2 CODEX spatial predictions
A comparison of the spatial structure predicted by the CODEX
models to the observations is shown in Fig. 8. CODEX centre-to-
limb profiles are compared with the model-independent brightness
profiles produced for kronocyclic tomographic image recovery in
Fig. 6. The models are limited to only five times the photometric
radius, with anything beyond this region being classed as the ‘wind
zone’ (Ireland et al. 2008), whilst the observations extend much
further from the star. It is important to note that the behaviour of
the outer reaches of the CODEX models are generally decoupled
from the pulsation period, with chaotic long-term trends spanning
several cycles. For this reason, strict phase matching for outer struc-
ture is somewhat arbitrary, however, these longer term trends are
encompassed within the limited phases range used here.
The CODEX profiles in Fig. 8 show two steep decreases. The
shorter of these is observed in all four wavelengths and corresponds
approximately with the inner H2O layer identified in Section 4.1.
The outer decrease occurs towards the limit of the models. At 2.92
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Figure 7. A comparison of CODEX spectra to Cassini observations. The
Cassini observations are as described in Fig. 1. CODEX spectra are shown
in three shades of red for three phases, advancing in time as colour darkens.
The central of these is the nearest tenth of a cycle to each epoch, with the
others being the preceding and trailing tenth of a phase. The vertical width
of the CODEX spectra encompasses cycle to cycle variations including both
compact and extended cycles as detailed in Ireland et al. (2008).
and 4.53 µm, it aligns with the measured outer H2O layer, whilst
at 1.34 and 3.86 µm this drop in intensity tends to occur within the
outer 15 per cent of model, partially overlapping with the outer H2O
layer. The CO2 layer identified in Section 4.1 is not predicted by
the CODEX models as it occurs beyond the models’ outer limit.
The observation data almost entirely fits within the broad range
of possible spatial configurations predicted by the CODEX models.
Figure 8. Brightness as a function of stellar radius. Data from model-
independent brightness profiles recovered from observations are shown in
black with representative error bars. CODEX profiles from the adjacent
phase increments are shown in red, covering a range of pulsations cycles
with widely varying atmospheric extension as demonstrated by the diversity
of the profiles. The pale blue and green regions of the plots correspond
in colour and radial extent to the inner two molecular shells identified in
Fig. 3. The vertical axes are normalized intensity raised by some power to
enhance the relevant information. This power in the first and third panels is
0.2 whilst for the second and fourth panels it is 0.4. The horizontal axis is
in photospheric radii, which is 13 mas for the observations. (Stewart et al.
2013). The four panels are the different wavelength regions used in Fig. 6,
and are labelled in their upper-right corners.
The vertical extent of the observation data emphasizes the degree
of asymmetry which the stellar atmosphere exhibits, whilst each
spherically symmetric CODEX phase increment follows a single
curve. The observations generally align well with the more extended
CODEX models within the inner two photospheric radii. Beyond
this the observations are nearer to the compact models.
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6 C O N C L U S I O N S
This paper concludes a series in which the novel use of Cassini
observations of stellar occultations by the rings of Saturn for stel-
lar science has been demonstrated and exploited to provide astro-
physical insights. This technique offers a unique opportunity to
obtain both spectral and high-resolution spatial information simul-
taneously, from far beyond the degrading effects caused by the
atmosphere of the Earth.
Here, we presented a combination of spectral and spatial obser-
vations of Mira. Variations in the near-infrared spectrum of Mira
through eight epochs of varying pulsation phase have been identi-
fied. Molecular atmospheric layers have been detected, with mea-
surements of their relative sizes and molecular composition inferred
from a set of three occultations obtained near φ ≈ 0.1. These struc-
tures are shown to dominate the tomographically recovered images
obtained from these same observations. Temporal changes in these
circumstellar structures have been observed over three epochs be-
tween Mira’s visual and infrared maxima.
The state-of-the-art CODEX models have been rigorously as-
sessed and found to be broadly consistent with the observations,
with several notable discrepancies. The models and spectral obser-
vations were found to differ significantly in the epochs between
the visual and infrared maxima, suggesting the molecular species
and ratios used in the models are inaccurate. A comparison of the
model-independent brightness profiles to the centre-to-limb profiles
of the CODEX models shows a general good agreement the specific
wavebands where key molecular features were identified. However,
strong asymmetries were observed which the 1D models cannot pre-
dict. Spectral structures were identified in the observations which
are not predicted by the CODEX models. This shows that there
remain some inconsistencies with the CODEX models, giving them
limited predictive ability in some spectral regions. These models
could potentially be improved by revisiting the molecular species
responsible for atmospheric absorption and the ratios between them,
and to incorporate dust scattered flux as observed by Norris et al.
(2012).
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CHAPTER7
Imaging of IRC+10216
This chapter has been previously published as The weather report from IRC+10216:
Evolving irregular clouds envelop carbon star Stewart et al. (2016b) Monthly
Notices of the Royal Astronomical Society 455 (3) 3102-2109 (2016). It is referred to
herein as Paper IV and is presented as published in Section 7.1.
This paper makes use of the image recovery technique presented in Chapter 5, along
with complimentary images recovered from aperture masking observations to study the
inner regions of the dusty carbon star IRC+10216 (CW Leo).
The initial premise behind this paper comes from my PhD supervisor Professor Tuthill.
For the images recovered using kronocyclic tomography, the code and analysis was written
and performed by myself, and as with the previous chapters the observations were provided
as a digested data product by Matthew Hedman. Images produced from aperture masking
observations were produced by myself using publicly available tools referred to in the text.
The NIRC observations were performed by Professors Tuthill and Monnier, whilst the
CONICA observation was performed by Professor Tuthill and Dr Lacour. The paper was
written in consultation with coauthors, especially Professor Tuthill.
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ABSTRACT
High angular resolution images of IRC+10216 are presented in several near-infrared wave-
lengths spanning more than 8 years. These maps have been reconstructed from interferometric
observations obtained at both Keck and the VLT, and also from stellar occultations by the rings
of Saturn observed with the Cassini spacecraft. The dynamic inner regions of the circumstel-
lar environment are monitored over eight epochs ranging between 2000 January and 2008
July. The system is shown to experience substantial evolution within this period including
the fading of many previously reported persistent features, some of which had been identified
as the stellar photosphere. These changes are discussed in the context of existing models for
the nature of the underlying star and the circumstellar environment. With access to these new
images, we are able to report that none of the previously identified bright spots in fact contains
the star, which is buried in its own dust and not directly visible in the near-infrared.
Key words: stars: AGB and post-AGB – stars: carbon – circumstellar matter – stars: individ-
ual: IRC+10216 – stars: mass-loss – stars: winds, outflows.
1 IN T RO D U C T I O N
One of the most extensively studied evolved stars is the carbon-rich
IRC+10216. Also known as CW Leo, it is a long period variable
on the asymptotic giant branch (AGB). It is believed to be on the
cusp of planetary nebula formation, a process which is potentially
already under way. IRC+10216 is known to be embedded in, and
strongly extincted by, an expanding shroud of material originating
from the star itself.
The circumstellar environment of IRC+10216 has long been
known to be complex and continually evolving. As the infrared-
brightest example of an AGB star experiencing heavy mass-loss,
it has been exhaustively studied in many wavelengths with diverse
observational techniques. Shell-like structures have been previously
detected beyond 1 arcsec from the star. Mauron & Huggins (1999,
2000) discovered evidence for shells out to ∼50 arcsec within a 200
arcsec envelope, and Decin et al. (2011) detected non-concentric
shell-like arcs out to 320 arcsec. These shells are shown to be
irregularly separated and have a non-uniform density distribution,
suggesting they have an irregular and asymmetric origin. Far beyond
this a very large 1280 mas H I shell has been identified by Matthews,
 E-mail: p.stewart@physics.usyd.edu.au
Gerard & Le Bertre (2015), revealing the interactions of the stellar
wind with the interstellar medium. Combining observations of the
outer regions with those of the inner regions, Lea˜o et al. (2006)
studied the complex interaction between winds at different distances
to help understand the mass-loss history of the star.
The inner regions of the system have been imaged in the infrared
many times over the past two decades in attempts to identify the
location of the star itself, and to refine radiative transfer models
describing its mass-loss. The first detection of asymmetry in the
inner circumstellar region of the star was made by Kastner & Wein-
traub (1994) who found that this region appeared to have a bipolar
structure. Subsequently, using a variety of techniques fine structure
was detected on sub-arcsec scales which broke this axial symme-
try. Bright features within this structure were classified by Weigelt
et al. (1998) and Haniff & Buscher (1998) in order of decreasing
brightness as A, B, C and D as indicated in Fig. 1. These labels
were subsequently used by other authors as the evolution of the sys-
tem was monitored. The initial assertion that the brightest feature
(A) included the star itself was supported by Tuthill et al. (2000a),
Tuthill, Monnier & Danchi (2005) and Richichi, Chandrasekhar &
Leinert (2003). This conclusion was contested in favour of the star
being within feature B by Osterbart et al. (2000) and Weigelt et al.
(2002), sparking a debate that continued for many years. The star
driving the winds and forming these structures is expected to exhibit
C© 2015 The Authors
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Figure 1. A schematic diagram showing the approximate positions of pre-
viously identified features in the nebula. The large red ‘A’, ‘B’, ‘C’, and
‘D’ are the Weigelt et al. (1998)/Haniff & Buscher (1998) naming scheme.
The smaller labels are the names used by Tuthill et al. (2000a) to identify
structures. The background map on which these are overlaid is from the first
epoch of this campaign using NIRC’s CH4 filter.
a uniform disc angular diameter of around 29 mas (Menten et al.
2012).
Modelling the mass-loss behaviour of carbon stars has tradi-
tionally involved one-dimensional radial models of the star. These
are inherently unable to produce the kinds of asymmetric structure
which has been observed. There have been some attempts to model
such stars in 2D and 3D which have shown some promise (Woitke
2006; Freytag & Ho¨fner 2008).
Here we present high-resolution observations of the inner regions
of IRC+10216 from eight epochs spanning more than eight years,
in several near-IR bands. These observations reveal the continued
evolution of this interesting object. These data exhibit dramatic
changes, contradicting most previous models which had interpreted
the brightness distribution in terms of underlying structural ele-
ments. Specifically we exclude previous identifications of the stellar
photosphere, and find no persistent evidence in support of bipolarity.
2 O BSERVATIONS
The imagery presented herein was obtained using two complemen-
tary techniques: aperture masking interferometry and kronocyclic
tomography. The latter is described in Stewart et al. (2015b) and
entails image recovery from Cassini observations of stellar occul-
tations by the Saturnian rings. A summary of all observations used
in this paper including filters, aperture masks, dates and instru-
ments can be found in Table 1. The spectral specifications of the
observations, including the filters used, are listed in Table 2.
The aperture masking imagery, based on Tuthill et al. (2000a,
2005), is used to image IRC+10216 in several near-IR wavelengths.
The observations were made both with the 10 m Keck I telescope and
the 8 m UT4 of the VLT using the Near Infrared Camera (NIRC) and
Coude´ Near Infrared Camera (CONICA) instruments, respectively.
Both the 21 hole NIRC aperture mask and the 18 hole CONICA
aperture mask are 2D non-redundant patterns. The geometries of
Table 1. Basic observational parameters. Observations using kronocyclic
tomography have an empty mask column.
Date Instrument Filter Mask
1 25 Jan 2000 NIRC CH4 Annulus
CH4 21 Hole
PAHCS Annulus
PAHCS 21 Hole
2 24 Jun 2000 NIRC CH4 21 Hole
PAHCS 21 Hole
3 11 Jun 2001 NIRC CH4 Annulus
CH4 21 Hole
PAHCS Annulus
4 12 May 2003 NIRC CH4 Annulus
CH4 21 Hole
PAHCS Annulus
5 28 May 2004 NIRC CH4 Annulus
CH4 21 Hole
PAHCS Annulus
6 25 May 2005 NIRC CH4 Annulus
CH4 21 Hole
PAHCS Annulus
PAHCS 21 Hole
7 15 Mar 2008 CONICA IB_2.12 18 Hole
NB_3.74 18 Hole
NB_4.05 18 Hole
8 Jun/Jul 2008 VIMS 2.66
3.32
3.99
4.66
Table 2. Spectral specifications. NIRC and CONICA observa-
tions utilized standard instrument filters whilst adjacent VIMS
spectral channels were co-added to produce images from broad
spectral bands.
Instrument Filter λc λ
name (µm) (µm)
NIRC CH4 2.269 0.155
PAHCS 3.083 0.101
CONCIA IB_2.12 2.12 0.06
NB_3.14 3.740 0.02
NB_4.05 4.051 0.02
Cassini-VIMS VIMS 2.66 2.66 0.66
VIMS 3.32 3.32 0.67
VIMS 3.99 3.99 0.67
VIMS 4.66 4.66 0.69
both masks used with NIRC are described in Tuthill et al. (2000b)
and the mask used with CONICA is described in Tuthill et al.
(2010) and Lacour et al. (2011). The maps recovered from aperture
masking observations are the noise-weighted averages for all re-
constructed images with a single filter in a single epoch. The image
reconstructions presented here have been performed with BSMem
(Buscher 1994) for NIRC observations and Mira (Thie´baut 2008)
for the CONICA epoch. Maps produced by these algorithms were
cross-checked against those produced with other means [VLBMEM
(Sivia 1987) and MACIM (Ireland 2006)] and found to produce
consistent structure whilst maintaining a relatively low background
noise level. The aperture masking observations were a continuation
of the programs undertaken by Tuthill et al. (2000a, 2005) and com-
prise seven previously unpublished epochs, between 2000 January
and 2008 March.
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Table 3. A list of sharp edges within Saturn’s rings used in the image
reconstruction using kronocyclic tomography. The names of edges
are as defined by Colwell et al. (2009) with identifiers from French
(1993) where IEG and OER indicates the inner and outer edges of
gaps or rings, respectively. The italicized i or e indicates if the event
occurred during the ingress or egress of the entire occultation. The
P.A. shows the direction of occultation where the terrestrial celestial
North is zero degrees and the angle increases towards the east.
Date Edge P.A. θS(mas)
03 Jun 2008 A OER i 351.7 62.65
B OER e 27.25 61.28
10 Jun 2008 A OER i 351.0 49.95
Encke OEG i 350.1 49.99
02 Jul 2008 Keeler OEG i 349.0 25.10
Keeler IEG i 349.0 25.00
Encke IEG i 347.7 25.02
Encke OEG e 22.65 26.05
Keeler OEG e 21.67 26.34
The images recovered using kronocyclic tomography are from
Cassini observations of stellar occultations in which the rings of
Saturn pass in front of the target star. These observations were ac-
quired using the on-board Visual and Infrared Mapping Spectrom-
eter (VIMS) and the application of this technique has been detailed
in Stewart et al. (2013, 2015a,b). These images were recovered
from occultation events at nine ring edges as listed in Table 3.
The opening angle between ring-plane and the line of sight to the
star is quite shallow at −11◦, substantially increasing the opacity
of the rings, and enhancing the edge sharpness. These events came
from three observations of the star passing behind the ring sys-
tem which occurred within a one-month period. The relatively slow
evolution which this star has previously exhibited (Tuthill et al.
2000a) permits data from these temporally close observations to be
used together in a single tomographic reconstruction. The sampling
resolution of these observations ranged from 25 to 63 mas with a
mean of 39 mas, producing an image with a formal angular resolu-
tion slightly inferior to the aperture masking observations. Due to
Cassini’s orbital geometry, the Position Angles (P.A.) of the occul-
tations are clustered in two directions, which are separated by ∼35◦.
This angular diversity is relatively poor for image reconstruction,
and results in a stretch to the image in the direction of the projec-
tions (orthogonal to the recovered spatial information), in this case
approximately aligned in the north–south direction. Kronocyclic to-
mographic imagery has been recovered in four broad spectral bands
and accumulated into a single epoch.
3 R ESULTS
This section presents reconstructed images, photometry, and addi-
tional supporting data which are then used to present the major
observational findings of the paper.
As a by-product of the NIRC aperture masking observations, co-
incidental photometry was able to be recovered and is presented in
Fig. 2. The blue crosses show the magnitude of the star in NIRC’s
CH4 filter during the aperture masking observations. The pass band
of NIRC’s CH4 filter lies entirely within the broader K band, which
is represented by green plus signs and comes from Shenavrin, Tara-
nova & Nadzhip (2011). The NIRC photometry presented here is
shown to be consistent with the literature values, closely matching
the observed fluctuations in brightness.
Figure 2. IRC+10216 photometry: the green pluses show photometry
recorded in K band by Shenavrin et al. (2011), whilst the blue crosses
show photometric measurements for each of our NIRC epochs. Our photo-
metric measurements use NIRC’s CH4 filter which is approximately centred
on K band. They were recorded concurrently with the aperture masking ob-
servations presented in Fig. 3, and are consistent with the literature K-band
measurements. Each epoch is indicated by a black vertical line.
3.1 NIRC maps: 2000–2005 in two colours
IRC+10216 was observed by NIRC six times between 2000 and
2005 (listed in Table 1) and photometry (shown in Fig. 2) reveals
that these epochs spanned almost three stellar brightness cycles.
The resulting maps observed at these epochs are presented in Fig. 3
for the CH4 filter and in Fig. 4 for the PAHCS filter. As the aperture
masking technique is unable to provide astrometric positioning,
maps from epochs two to six have been cross-correlated with their
preceding epoch in order to ensure that features persisting longer
than a single epoch align, and the slow evolution of the system can
be monitored.
The first three epochs span a single cycle of the star’s brightness
oscillations and reveal a circumstellar environment generally similar
to that discussed previously in the literature (Tuthill et al. 2000a;
Weigelt et al. 2002). The previously identified features are observed
to continue moving apart. The increasing separation between the
‘core’ and the ‘Eastern Complex’ is consistent with the rate of 17.8
± 1.9 mas yr−1 given by Tuthill et al. (2000a) with the separation
at epoch 3 increasing to 230 ± 8 mas. This is slightly above the
predicted 228 ± 4 mas, but well within the uncertainties. In epoch 3,
the southern end of the North arm closest to the core of A starts to
brighten slightly in the CH4 band and much more significantly in
the redder PAHCS band.
Epoch 4 occurs approximately one stellar oscillation after epoch 3
and shows a remarkable dimming of A. A merger and increase in
brightness is observed in the previously distinct features labelled as
the Southern Component, the North Arm and the North-East Arm.
It is particularly significant that component A ceases to be the dom-
inant feature, which has not been observed at any earlier epochs for
which high-resolution imagery has been recovered. Several knots
in the Eastern Complex are also seen to significantly brighten.
The A, B, C, D nomenclature, already severely challenged by pro-
found morphology changes up to 2005, now appears unusable and
impossible to map on to present structures. Over the last two epochs
of this series, the broad western structures fade quite rapidly as the
knots in the Eastern Complex increase in brightness, eventually
becoming the dominant feature. The brightest of these appears to
change places between epoch 4 and 6, with both visible in epoch 5.
Epoch 6 shows a clear dimming of the western arc until it is barely
above the background noise level in the CH4 map, and has lost most
of its distinctive shape in the PAHCS band.
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Figure 3. Six epochs between 2000 and 2005 observed with NIRC using the CH4 filter. Contours are 2, 6, 10, 30, and 70 per cent of peak flux. The epochs
are identified by the number in the top left corner of each map and correspond to the first six epochs in Table 1. The decimal year of each epoch is given in the
lower right of each panel. The red circle in panel 4 indicates the possible location of the stellar source based on polarimetry from Murakawa et al. (2005) and
is presented in closest epoch. All axes are equal and expressed in mas with the vertical axis being declination and the horizontal axis being right ascension.
North is up and east is the left.
Figure 4. As with Fig. 3, with NIRC’s PAHCS filter.
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Figure 5. One epoch in 2008 March observed with CONICA using the IB_2.24, NB_3.74 and NB_4.05 filters. Contours are 2, 6, 10, 30, and 70 per cent of
peak flux. All axes are expressed in mas with the vertical axis being declination and the horizontal axis being right ascension. The scale of the first panel is
different from that of the other two panels. The decimal year of the observation is given in red in the lower right of the rightmost panel. North is up and east is
the left.
It is significant that there is no activity in the region around
B over all six of these epochs with the exception of some slight
dimming into the level of the noise over the first two epochs. The
region around A also approaches the background level over the
last two epochs as it appears to fade from view, as does much of
the North-East structure associated with C. The structures which
had previously been detected around D fade through the first three
epochs and then undergo extensive brightening through the last
three epochs of this series. The apparent coming and going of these
various features suggest that it is unlikely that any of them are in
any way permanent structures, rather they are most likely relatively
short-lived transient features.
A relatively high level of background noise can be seen in the
maps for some epochs, particularly epoch 5. The poor quality of
these maps is likely a consequence of the absence of any strong
central core or brightest knot: noisy reconstructions are most notable
at epochs with separated regions of similar intensity. This is likely
the result of the large, resolved structure giving very low visibility
values everywhere. The outcome is that the exact shape of specific
features in this epoch is less reliable, although the general envelope
and location of peaks appear robust.
3.2 2008 CONICA and Cassini observations
The CONICA epoch occurred more than three years after the last
of the NIRC epochs, allowing the passage of more than 1.5 stel-
lar brightness cycles in the interim. IRC+10216 was observed by
CONICA in 2008 March in three wavebands and the recovered
maps are presented in Fig. 5.
The maps reconstructed using kronocyclic tomography using
Cassini observations are shown in Fig. 6. These maps are gen-
erated from observations at three epochs within a single month;
however, as shown in Table 3 the finest angular resolution spatial
measurements all occurred in the final epoch. Consequently, the
finest spatial features in the recovered maps are most consistent
with the final date of these epochs, whilst the earlier, lower reso-
lution observations contribute more significantly to the envelope.
The limited diversity of occultation angles produces an unrealistic
stretch in aspect ratio over the features in the north–south direction
which is evident when making a comparison to the temporally near
CONICA epoch in Fig. 5.
The change in the overall appearance of the nebula from the later
NIRC epochs to the CONICA and Cassini epochs is striking, and it
is not possible to confidently track the movement and evolution of
existing features through to 2008. These epochs reveal that the neb-
ulosity around the star appears to continue to form bright knots of
around the same spatial size (∼50 mas) as observed over the previ-
ous epochs and in the literature. Unlike the NIRC pre-2006 epochs,
the structure of the object appears to predominately lie along a line
at ∼70◦ east of north. All bands in both epochs show a larger cen-
tral knot with a bright core which has strong knots on either side to
the east-north-east and west-south-west. A larger, fainter envelope
of radius approximately 300 mas is observed to be asymmetrically
filled, exhibiting an increased amount of flux in the northern half
than the southern half in all wavelengths. Unfortunately these two
epochs are temporally too close to make any dependable measure-
ments of the proper motions of the identified features.
4 D ISCU SSION
4.1 Previous morphological models of IRC+10216
Various qualitative and quantitative models for the nature of the
inner parts of IRC+10216 have been proposed over the years based
on observed structures. In order to make sense of the reconstructed
images published herein, it is necessary to examine the existing
observations and models in the literature and consider how they
apply to newer data.
Both Weigelt et al. (1998) and Haniff & Buscher (1998) pub-
lished high-resolution reconstructed images of the inner regions of
the system. They used a consistent naming scheme for the brightest
four parts of the nebula (A, B, C, D in order of decreasing brightness
as discussed earlier). This naming scheme has dominated the litera-
ture although there have been several additions or alterations to it as
required by new observations and the identification of new, or rein-
terpreted features. At this early stage both authors believed that the
stellar photosphere was at least partially visible within the bright-
est component (A), which they referred to as the ’central object’
(Weigelt et al. 1998) or ’core’ (Haniff & Buscher 1998). Weigelt
suggested that the other components were knots within discrete dust
layers, and Haniff supported the idea of a spherical dust envelope
with wind-blown holes.
MNRAS 455, 3102–3109 (2016)
 by Paul Stew
art on January 28, 2016
http://m
nras.oxfordjournals.org/
D
ow
nloaded from
 
CHAPTER 7. IMAGING OF IRC+10216
84
The weather report from IRC+10216 3107
Figure 6. One epoch in 2008 June/July observed with Cassini-VIMS and recovered using kronocyclic tomography. Adjacent spectral channels were co-added
into four broad spectral bands centred on λ = 2.66, 3.32, 3.99, 4.66 µm. The axes for all panels are identical, scaled as mas in right ascension or declination.
The centre wavelength is indicated in the top left of each panel. The angular diversity rose (defined in Stewart et al. (2015b)) in the top right panel shows
the occultation angles, and sampling resolution of the occultation events used in the recovery of these images (quantified in Table 3). The decimal year of the
observation is given in red beneath the lower right panel. North is to the top and east is to the left.
Osterbart et al. (2000) revealed that the four brightest components
were moving apart and that B, C and D were dimming. They also
published polarimetric imaging; however, this failed to pinpoint the
relative position of the star itself. They ultimately made the claim
that the star was probably within or near component B, although
they could not exclude the possibility the star was in the dark region
between A and B, obscured by thick dust.
The location of the star was put back into component A by Tuthill
et al. (2000a) with higher resolution NIRC aperture masking obser-
vations. Other structures were identified within the nebula, many
of which are identified in Fig. 1. Again the identified features were
found to be diverging. Specifically, the North-East Arm (B,C) was
noted to be moving outwards and increasing in length and the East-
ern Complex (D) was found to be moving eastward. The bright
core in the Southern Component (A) was found to be close to the
expected angular diameter of the star, supporting the claim that this
was a direct view of the stellar photosphere.
In an ambitious endeavour to develop a two dimensional radiative
transfer model describing the observed structure, Men’shchikov
et al. (2001) countered that the star had to be within component B.
The proposed model claimed to be able to reproduce observations
at wavelengths across the near-infrared, but failed to identify the
cause of most of the observed features, focusing instead solely on
components A and B. The model suggests that B is direct, albeit
extincted light from the star, and A is one of a bipolar outflow
cavity pair. The model itself is highly complicated requiring tuning
of over 20 parameters, many of which had little basis in previous
measurements and were given large potential ranges. There are
also many assumptions of symmetry and shape with insufficient
evidence to support them. The model was extended to represent
a larger sample of epochs and declared the previously published
increasing separations of the components to be a ‘pure projection
effect’ (Men’shchikov, Hofmann & Weigelt 2002).
Weigelt et al. (2002) found that the shape of the core of A was
continuously changing and becoming more elongated and that B
had faded and almost vanished completely by 2001. In spite of this,
they still declare it to be the location of the star with the dimming
explained away by a dramatic increase in mass-loss.
A lunar occultation observation found that both cores of A and B
had approximately the same full width at half-maximum, allowing
either component to potentially be the star (Richichi et al. 2003).
They also published an earlier occultation light curve with only
a single peak which had a full width at half-maximum consistent
with component A as observed in subsequent publications at other
wavelengths. This supported the notion that A contained the stel-
lar photosphere. Multi-wavelength aperture masking observations
also supported the idea that A contained the photosphere (Tuthill
et al. 2005). They made this argument based on several factors
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including A’s angular size, K-band flux density, colour temperature,
persistence over multiple epochs, observed dilution of photospheric
absorption lines, level of mid-IR emission and magnitude of the
proper motion between A and B.
Using polarimetric observations, Murakawa et al. (2005) claim
to have located the star at 250 ± 30 mas east and 65 ± 30 mas south
of the H band intensity peak on 2003 January 3. The peak intensity
of the nebula has been previously shown to be consistent between H
band and bands (Tuthill et al. 2005), so we can use their offset from
this peak to show their stellar position on our CH4 map from our
nearest observation. This is identified in the nearest epoch, shown
in panel 4 in Figs 3 and 4, with a red ‘+’ surrounded by a red circle
representing the polarimetric uncertainty. Their stellar location is at
the centre of the polarization vector field, which they used to exclude
both A and B as likely stellar positions. This position puts the star
very close to the south of the existing structure labelled alternatively
as D or the Eastern Complex; however, in such a complex and
asymmetric dusty environment there is no way to be certain that the
polarization field is well behaved and concentric on the star.
Weigelt et al. (2007) presented 12 epochs of observations span-
ning 1995 to 2005, overlapping with the presented NIRC data in
Figs 3 and 4. We find their maps to be broadly consistent with the
observations presented here, showing the same divergence from the
previously observed persistent structure over the period from 2003
to 2005.
Fonfria et al. (2014) observed IRC+10216 in several wave bands
with CARMA (Combined Array for Research in Millimetre-wave
Astronomy) at two epochs in 2011 and 2012. They identified a
range of molecular structures which are neither well aligned with
each other nor with the existing structures in our 2008 epochs or
the literature.
More recently, Kim et al. (2015) published three epochs obtained
with the Hubble Space Telescope. These are of a lower resolution
than the maps in this paper, similar to the maps produced by Weigelt
et al. (1998, 2007) and Haniff & Buscher (1998). The first two of
these, from 1998 and 2001, show the relatively stable but expanding
structure identified previously and shown in the first three NIRC
epochs in this paper. Their third epoch, from 2011 June 4, shows
a vastly different map, with three close bright knots aligned along
approximately 15◦. The structure in this epoch shows no correlation
to any previous observations. They further identified a companion
500 mas to the east of their brightest peak. We find no evidence of
this companion in any of our eight near-infrared epochs, nor is it to
be found in any of the maps previously presented in the literature.
Rather than being a stellar companion appearing in only a single
epoch in 23 years of observations [1989 in Haniff & Buscher (1998)
to 2012 in Fonfria et al. (2014)], it seems much more likely that
this feature is merely just another dusty knot in this highly dynamic
environment.
4.2 Prior models confront new imagery
The previous models have been demonstrated to be both quali-
tatively and quantitatively inconsistent with newer observations.
These existing models have tended to focus on attempting to iden-
tify the location of the star itself and then claiming some of the
observed features were part of some coherent circumstellar struc-
ture (e.g. bipolar) supporting the previous choice of stellar position.
With both of the most commonly argued-for stellar positions hav-
ing faded from sight and being ruled out through polarimetry, these
models have lost credibility. Perhaps the most damaging aspect of
the new observations from the perspective of the old models is the
dramatic appearance of a new compact ‘core’ several hundred mas
from both A and B in 2005. It is worth noting that the possibility
of the actual location of the star being concealed by thick dust was
actually suggested by both Osterbart et al. (2000) and Tuthill et al.
(2000a), but rejected in favour of B and A, respectively.
With the benefit of hindsight and access to over two decades of
observations in the literature, it is possible to rule out any of the
existing features previously identified as the stellar photosphere.
We have shown that it is not possible to claim that the locations
of any of the features are intrinsic to the underlying geometry of
the system, or that they represent something fundamental about the
location of the star or orientation of the inner nebula. Instead we
suggest that the size and asymmetric distribution of these knots can
tell us about the time-evolving behaviour of the inner dust shroud.
The star driving the winds and forming these structures is ex-
pected to exhibit a uniform disc angular diameter of around 29 mas
(Menten et al. 2012), consistent with period–mean density relation-
ships scaling from other long period variables. The various bright
spots fall far outside the underlying photospheric radius, so must not
simply be regions of unusually low opacity opening a line of sight
to the photosphere itself. The bright knots in the recovered images
must be either regions of hot dust with high opacity, or windows
in the dusty circumstellar material viewing hot material within, or
some combination of both. Either phenomenon has to be produced
by some underlying process near the stellar photosphere and then
propagate outward with the stellar wind.
The high brightness temperature (several thousand K) and persis-
tence of the bright spots preclude explanations where hot material is
simply carried out in the wind, because cooling times are measured
in hours to days for clumps of moderate infrared optical depth.
Shock heating also appears to be an unlikely explanation, because
it would require shock velocities comparable to the mean outflow
velocity at radii where the wind has already likely reached near
terminal velocity (∼10 stellar radii). The requirement for the obser-
vations of a bright clump is a combination of a direct or near-direct
path for radiation from the photosphere to reach the clump, and a
low-opacity line of sight to the observer.
If the features are instead regions of lower opacity along the
observer’s line of sight, radiation from the hotter inner regions is
able to be observed in a manner similar to the wind-blown holes
proposed by Haniff & Buscher (1998). Such holes would be formed
by the turbulent stellar wind, exposing the inner regions of the
nebula to an appropriately aligned observer. The stellar photosphere
is substantially smaller than the separation between the bright knots
in the images ruling out the possibility of openings with a direct
line of sight to the star itself.
Woitke (2006) produced 2D models of dust-driven stellar winds
from carbon-rich AGB stars. They found that a range of instabil-
ities, including Rayleigh–Taylor and Kelvin–Helmholtz, produced
transient dusty arcs and knots in spite of the model’s initial spherical
symmetry. This model predicted that such structures would move
outwards over time, and that the dusty clouds are able to entirely
obscure the line of sight to the star. Woitke (2008) demonstrated
how these models predict that a fortuitously aligned observer can
observe hotter material nearer to the star, albeit not the stellar photo-
sphere, through such windows. Freytag & Ho¨fner (2008) presented
complementary 3D models of carbon-rich AGB stars which pro-
duce similar structures shown to be the result of inhomogeneous
dust formation due to large convection cells originating beneath the
photosphere.
Our preferred explanation is that the observed bright spots include
both radiation-heated clumps in an inhomogeneous wind where both
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scattering and near-LTE emission processes operate, and opacity
windows in a turbulent wind exposing hotter material nearer to the
star. Given the complexity of this system, a deeper understanding
of this object requires 3D radiative transfer modelling of plausible
inhomogeneous, clumpy winds.
5 C O N C L U S I O N S
We report high-resolution near-infrared imaging data which reveal
morphological changes within the inner arcsec of the nebula sur-
rounding the evolved carbon star IRC+10216. The dramatic nature
of these changes supports the 2D models of Woitke (2006) and
the 3D models of Freytag & Ho¨fner (2008). These models gen-
erate a constantly evolving dusty environment which entirely en-
velops the star in an ever changing shroud, providing occasional
brightened glimpses of the hot inner parts of the system. We have
demonstrated that none of the previously identified structures in
IRC+10216’s circumstellar environment is persistent. These can-
not therefore be representative of the alignment or position of the
star within the dusty nebula, nor is it likely that models built on fun-
damental structural elements identified, such as bipolar axes, offer
a useful way forward. Both features previously claimed to contain
the stellar photosphere have faded from sight, and the polarimetric
position determined by Murakawa et al. (2005) is dubious as the
complex and asymmetric circumstellar environment of IRC+10216
cannot be assumed to produce a well-behaved, concentric polariza-
tion field. Instead, the star itself should be considered to be buried
somewhere within its own constantly evolving clouds.
The high degree of polarization observed by Murakawa et al.
(2005) confirms the importance of scattering in this nebula. Polari-
metric sparse aperture masking observations (such as is possible
with NACO) would be able to differentiate between hot clumps
(with a higher degree of polarization) and opacity holes (with a
lower degree of polarization).
In order to make reliable claims about the stellar position within
the nebula, images spanning a broad wavelength range at proximate
epochs are necessary. This will allow the registration of images
from wavelengths where the starlight is certainly able to penetrate
the nebula, such as N band, with shorter bands where the pho-
tospheric emission is extincted. Such observations will be possible
with the upcoming MATISSE beam-combiner for the VLTI (Ko¨hler
et al. 2014; Lopez et al. 2014), and will substantially advance our
understanding of the complex inner regions of this intriguing object.
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Conclusion
8.1 Summary
Summarised in the publication of five peer-reviewed journal papers together with supporting
chapters, this thesis has presented the exploitation of existing observations by Cassini for
the purposes of stellar science. This work enabled an analysis of stellar systems inaccessible
to ground based observations, whilst also extending the reach of the Cassini spacecraft
science into stellar astrophysics, well beyond the mission expectations.
Chapter 3 demonstrated the recovery of flux calibrated stellar spectra from Cassini-
VIMS instrumental monitoring observations. These spectra span the near-infrared from
0.8 to 5.1µm providing spectral coverage inaccessible to ground-based observers. Flux
calibrated spectra have been produced from all pertinent observations obtained since the
mission’s launch in 1997. A spectral atlas of these observations has been provided to the
public with the expectation of it proving particularly useful to the community in helping
to understand the behaviour of evolved stars.
The use of sharp edges within Saturn’s rings for the recovery of stellar spatial information
is described in Chapter 4. The necessary orbital geometry is discussed and the noise
processes and limitations of the technique are also explored. A comparison of recovered
angular diameters is found to favourably compare to literature values obtained using
ground-based interferometry, thus demonstrating the scientific efficacy of the technique.
This technique was extended to allow the recovery of high-angular-resolution two-
dimensional images of stellar environments in Chapter 5. The additional geometrical
parameters necessary for this process are explained and derived, and the process of
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combining one dimensional brightness profiles into two-dimensional images is demonstrated.
The technique’s ability to produce robust imagery is tested with a simple binary system,
and recovered imagery of the complex circumstellar environment of an evolved star is
presented to indicate the likely abilities of the approach.
Chapter 6 ties together all of the previous chapters in an astrophysical exploration
of the archetype of the Mira variables. An analysis of the stellar spectra over eight
epochs is presented, including with the detection of molecular shells in the extended stellar
atmosphere. The spatial changes between epochs are examined and spectral regions which
were inconsistent with literature expectations are identified. High-angular-resolution stellar
imagery is recovered using kronocyclic tomography, showing a general consistency with
the measured molecular shells as well as strong spatial asymmetries. The predictive ability
of the CODEX models is tested through a spectral domain partly inaccessible to ground
based observations. They were found to be generally consistent with the observations,
with a few specific exceptions identified.
Kronocyclic tomographically recovered images, combined with with those produced
from aperture masking observations, reveal a complex system of evolving dusty clouds
entirely enveloping the carbon star, IRC+10216 presented in Chapter 7. The newer
epochs presented here are shown to be entirely inconsistent with previous claims about the
inherent nature of the system. The prior claims made about the location of the star within
the nebula have been shown to be false, with all previously identified features fading to
level of the background. Instead the star is shown to be buried in dynamic carbonaceous
clouds, the result of its own abundant mass-loss. The new data also places heavy doubt
onto other structures previously claimed to be detected, included bipolar lobes, a dusty
torus, and even a stellar companion. These assertions have been shown to have been based
on transient structures which seem to have no persistent imprint on the system.
While the papers contained in these chapters explore the use of an unusual and
new approach for the study of evolved stars, however, continued progress is likely to
predominately come from more traditional means. In the short term this could be from
improvements to a range of high-contrast-imaging techniques. This includes upgrades to
existing facilities, such as new beam combiners (MATISSE (Köhler et al., 2014; Lopez
et al., 2014), GRAVITY (Eisenhauer et al., 2008)) or the addition of AO systems to
interferometers (CHARA (ten Brummelaar et al., 2012)), the rapid advances being made
in coronagraphy (PIAA (Guyon, Matsuo and Angel, 2009; Jovanovic et al., 2014)), and
advances in data reduction processes. In the longer term these advances would be expected
from new facilities opening new regions of parameter space to scrutiny and revealing
new insights, such as the upcoming generation of extremely large telescopes and the
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mooted planet formation imager (Monnier et al., 2014a; Kraus et al., 2014). Whatever the
approach, significant questions about the behaviour of evolved stars remain to be studied
into the future.
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8.2 The technique’s way forward
The use of occultations by planetary rings for stellar science in the manner of this project
is unlikely to be repeatable within the foreseeable future. There are currently no further
missions to Saturn under development in any substantive way, and all other solar system
ring systems are simply too tenuous for the process to be feasible. This does not mean
that this project has not laid significant groundwork for future projects which are in some
cases already under way.
The use of planetary rings as an occulter for stellar studies provides a convenient
proof-of-concept for the development of space missions planning to build a space telescope
with its own occulter. These missions work by formation flying a large (e.g. 60m diameter)
“flower” shaped occulter spacecraft approximately 70 000 km in front of a dedicated space
telescope. The alignment of the occulter, often called a star-shade, is carefully controlled
to occult the stellar target being observed in order to resolve the circumstellar environment,
with the specific aim of searching for Earth-like exoplanets. Such missions are sometimes
referred to as external coronagraph due to the obvious similarities in their optical geometry,
albeit on a vastly different scale, and are predicted to be able to resolve planets like the
Earth or Venus from a distance of 10 pc (Cash et al., 2008). There have been several
proposals for such a mission, for example as part of NASA’s Terrestrial Planet Finder
(TPF) (Heap, 2007; Lindler, 2007), and New Worlds Observer (NWO) (Cash et al., 2008;
Cash et al., 2009; Turnbull et al., 2012) missions; however the former has been cancelled
and the latter appears to have stalled. Despite this, active technology development is
continuing making an eventual launch a real possibility (Glassman and Lo, 2012; Glassman
et al., 2013; Glassman et al., 2014; Kasdin et al., 2012; Harness, Nehrenz and Sorgenfrei,
2014; Lawson et al., 2014; Webb et al., 2014).
The recent discovery of a ring system around an exoplanet (Mamajek et al., 2012; van
Werkhoven, Kenworthy and Mamajek, 2014; Kenworthy and Mamajek, 2015; Kenworthy
et al., 2015) opens up the possibility of utilising this technique for recovering stellar spatial
information using planetary rings in the star’s own system. With searches under way to
identify more of these systems in existing data sets (Zuluaga et al., 2015; Moretto Tusnski
and Silva Valio, 2015) we are likely to start encountering more of these objects. There are
some fundamental differences between how this technique was applied in this project and
how a similar approach would need to be taken with such an exoring system. For example,
this project exploits the measured sharpness of Saturn’s ring edges, a parameter which
will be unknown when using an exoring system.
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Cassini has become one of the most scientifically productive interplanetary space-
craft ever launched. A variety of follow-up missions have been proposed, with another
NASA/ESA joint mission known as the Titan Saturn System Mission (TSSM ) being the
most developed (Coustenis et al., 2009; Dougherty, Coustenis and Lorenz, 2010). This
spacecraft was planned to be largely an upgrade of Cassini , with a suite of updated
and enhanced instruments including a higher spectral and spatial resolution imaging
spectrometer essentially similar to VIMS (Dougherty, Coustenis and Lorenz, 2010). The
development of this mission has been largely deferred as priority was given to the devel-
opment of a Europa/Jupiter mission, which has now become ESA’s Jupiter Icy Moon
Explorer (JUICE). If it is ultimately launched, such a spacecraft would be able to continue
the work in this project, and observe fainter stars with a higher spectral resolution. Care
will have to be taken with with any targets at angles away from the ring-plane, as the ring
edges lose some sharpness when observed from near-normal directions. Objects observed
in this work are at relatively shallow angles (Mira ∼−3.5°, IRC+10216 ∼−11°) where the
edges remain sharp. With a large enough telescope and a relatively small field-of-view, it
would be possible to make observations of exoplanets in this manner. This would require
careful planning of the occultation geometries, with an aim to observe those which occur
in Saturn’s shadow in order to provide the best possible conditions for exoplanet imaging.
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APPENDIXA
Geometry of a stellar occultation:
a reference guide for terms used
The geometry of an occultation event describes the relative positions of Saturn, the rings
and the star at the time of the observation, as well as critically defining the movement and
orientation of Cassini as it takes its measurements. This geometry is detailed in Section 2
of Paper I (Chapter 4) and Section 2 of Paper II (Chapter 5) and will be briefly covered
in this section, primarily to define the terms used henceforth. To this end the following
figures have been included from Paper I and Paper II with their original captions.
Figure A.1 shows schematic side and top views of Saturn, the rings and Cassini at the
time of an occultation observation, whilst Figure A.2 shows an isometric view of the same
situation, emphasising the coordinate systems used. Figure A.3 shows an example of the
sky plane from Cassini ’s perspective, and the vectors that are important in this plane.
Table A.1 identifies which of these figures show the locations and orientations of the listed
geometric parameters.
These parameters are used to define the complex geometry of stellar occultations
observed with Cassini and using the rings of Saturn as an occulter. They are used to
determine the diffraction which the starlight experiences as it travels past sharp ring edges
before being measured by VIMS.
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Symbol Reference Figures Description
RPI A.1 A.2 A.3 The Ring Plane Intercept, or the position where the line
of sight from Cassini to the star is intercepted by the
planetary ring plane.
D A.1 The range, or the distance from Cassini to the RPI.
B∗ A.1 A.2 The opening angle to the rings, which is the angle be-
tween the ring plane and the line of sight from Cassini to
the star.Yc A.1 A.2 A.3 The geometric centre of Saturn.
φ∗ A.2 The kronocentric (with Saturn’s geometric centre at the
origin) longitude of the star.
φ A.2 The angle between φ∗ and the kronocentric longitude of
the RPI.
x,y,z A.2 A coordinate system centred on Yc with z through the
planet’s poles and x pointing towards the star.
f ,g,h A.2 A.3 A coordinate system centred on the RPI with h pointing
towards the star along the line of sight from Cassini and
f ,g defining the sky plane with g begin the projection of
z (Saturn’s north vector) into this plane when translated
to the RPI.
v⊥ A.3 The component normal to an adjacent ring edge of the
velocity of the RPI in the sky plane.
ψ A.3 The angle between the g axis and v⊥ in the sky plane.
Nˆ˜ A.3 The vector defining the Earth’s celestial north pole, trans-lated to the RPI. This is required to compare these ob-
servations to observations published from Earth based
observations.
P.A. A.3 The Position Angle, which is the angle between Earth’s
celestial north (Nˆ˜) and the normal the the ring edge(v⊥).
TABLE A.1: Geometrical parameters used in the recovery of spatial information from
Cassini stellar occultations with reference figures and descriptions.
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FIGURE A.1: from Fig.2, Paper I : Views of the geometry of a single temporal
sample within an occultation event depicted from an equatorial (a) and a polar (b)
perspective. The centre of Saturn is labelled Yc, the position of the Cassini spacecraft
is labelled C and the point on the line of sight from Cassini to the star which passes
the ring plane is labelled RPI. D (the range) is the critical distance between
Cassini and the RPI, and d is the distance from the centre of Saturn to Cassini .
Labels with a subscript “p” are projections into the equatorial plane, which is also the
plane of the rings. The angle B∗ is the opening angle of the rings to the Cassini-star
line of sight. The blue vector in (b) denotes the line of sight to the star from Saturn’s
centre and is parallel to Dp . The vector marked 0° denotes the zero longitude of the
kronocentric coordinates and is defined by the node of the ring plane on the terrestrial
equatorial plane (J2000 RA 130.589° Dec. 0°). The values of rˆ and longitude for the
RPI, and the cartesian coordinates of Cassini, are both included with the spacecraft
ephemeris in the data headers.
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z
x
y
h
g
f
B∗
Yc
RPI
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rˆ
φ
FIGURE A.2: from Fig. 1, Paper II: An example of the two coordinate systems
used to compare vectors from different sources. The blue vectors identify the f ,g,h
coordinate system, with h along the line of sight from Cassini to the star, and centred
on the point where this line intercepts the ring plane, the RPI (Ring Plane Intercept).
The f ,g coordinates define Cassini ’s sky-plane with f lying in the ring plane. The
black vectors show the x,y,z coordinate system with its origin at the centre of the
planet, z through the poles and x defined by the ring plane projection of the vector
towards the star. The red line (rˆ) joins the origins of the two coordinate systems and
φ is the angle between the x axis and the kronocentric longitude of the RPI. The red
dashed vector is the standard kronocentric x direction in the ring plane, and φ∗ is
the angle between this and the kronocentric longitude of the star. The projection of
the h axis into the ring plane is parallel to the x axis, and the angle between the h
axis and this projection is B∗.
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ψ
FIGURE A.3: from Fig. 2, Paper II: Identifying the important vectors in Cassini ’s
sky-plane (defined by the f and g axes). g is the projection of Saturn’s north vector
translated to the RPI, where the line of sight to the star (unlabelled h axis) is
intercepted by the planetary ring-plane. Yc is the direction towards the centre of
Saturn. vˆ⊥ is the direction normal to the rings which corresponds to the direction
of spatial information encoded in the occultation Nˆ˜ is the terrestrial celestial northvector translated to the RPI and P.A. is the position angle of vˆ⊥ relative to the
Earth’s north. Base image: PIA12518 (Cassini Imaging Team, 2010)
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APPENDIXB
SPIE Astronomical Telescopes +
Instrumentation 2014
This paper is based on a presentation given at the SPIE Astronomical Telescopes +
Instrumentation conference in Montreal in June 2014. It provides an update on the
progress at the time of the model fitting aspect of the project and included the first glimpse
of the application of kronocyclic tomography. It was published in the proceedings of the
conference is referred to herein as SPIE2014 .
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ABSTRACT
We demonstrate the use of existing observations from the CASSINI spacecraft to be used for studies of stellar
targets. The stellar lightcurve produced as hard edges within the rings pass across the ﬁeld of view produces
a stellar occultation not unlike lunar occultations. These events are observed with an on-board spectrograph,
providing coverage of the near infrared from 1 to 5 microns. Here we demonstrate how the technique can be used
to make spatially resolved measurements of stellar structure and test these measurements against independently
published angular sizes. We also show how this technique can be extended into mapping of complex circum-
stellar structure and identify molecular layers in the atmosphere of Omicron Ceti, an evolved star. Finally we
demonstrate how several events can be combined tomographically to reconstruct high resolution images of stellar
targets.
Keywords: CASSINI Stellar Occultations, Tomography
1. INTRODUCTION
NASA’s CASSINI spacecraft has been in orbit around the ringed giant since 2004, and has yielded a wealth
of new knowledge about this fascinating system. One of the observing modes available to the on-board Visible
and Infrared Mapping Spectrograph (VIMS) instrument was intended to study stellar occultations. These occur
when a background star is observed in such a way that the rings, atmospheres, or other features in the system
intercept the line of sight to the star from the spacecraft. This technique has already yielded many substantial
discoveries.1–3
In 2013, Stewart et.al.4 (henceforth Paper I) published a novel technique demonstrating the serendipitous
use of these observations. Stellar occultations by hard edges within the planetary rings were to recover high
spatial resolution information about the circumstellar environment of the Omicron Ceti. This is the archetype
of the Mira class of variable stars and is also known as Mira. As an interesting diversion, it has been recently
shown that Cassini himself, who the spacecraft is named after, would have been able to see such edges with the
telescope he used.5 In this paper we present advances to the technique made since this initial publication.
Section 2 summarises the major results from Paper I providing insights into how the technique works and
demonstrates its eﬀectiveness by comparing some results to similar measurements from the literature. Section 3
presents some advances made to this technique speciﬁcally in reference to the study of the circumstellar environ-
ment of Mira. It expands upon the simple measurements presented in Paper I and details some of the measured
properties of Mira’s molecular atmosphere. Each occulting edge produces spatial information about the source
star in a diﬀerent orientation on the sky-plane. These overlapping projections can be combined tomographically
to produce high resolution two dimensional images of the source and its environment as is detailed in Section 4.
Finally we conclude in Section 5 and consider future directions for this project for the remaining time in the
CASSINI mission.
Further author information: (Send correspondence to P.N.S.)
P.N.S.: E-mail: p.stewart@physics.usyd.edu.au
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Figure 1. from Fig.2, Paper 1: Views of the geometry of a single temporal sample within an occultation event depicted
from an equatorial (a), and a polar (b) perspective. The centre of Saturn is labelled SC, the position of the Cassini
spacecraft is labelled C, and the point on the line of sight from Cassini to the star which passes the ring-plane is labelled
RPI. D is the critical distance between Cassini and the RPI, and d is the distance from the centre of Saturn to Cassini.
Labels with a subscript “p” are projections into the equatorial plane, which is also the plane of the rings. The angle B is
the opening angle of the rings to the Cassini-star line of sight. The blue vector in (b) is the line of sight to the star from
Saturn’s centre and is parallel to Dp. The vector marked 0
◦ is the zero longitude of the Saturnicentric coordinates and
is deﬁned by the node of the ring plane on the terrestrial equatorial plane (J2000 RA 130.589◦ Dec 0◦). The values of r
and longitude for the RPI, and the Cartesian coordinates of Cassini, are both included with the spacecraft ephemeris in
the data headers.
2. OBSERVATIONAL TECHNIQUE
Paper I details how stellar occultations by edges within Saturn’s rings can be used to provide spatial information
about the source star. The paper starts by exploring how starlight is diﬀracted by these hard edges and how
the movement of CASSINI through this diﬀraction ﬁeld allows the measurement of changes in intensity. The
diﬀraction pattern produced is shown to depend only on the wavelength being recorded, the relative speed of
the spacecraft, and the distance between the spacecraft and the RPI (Ring Plane Intercept, or the point where
the line of sight from CASSINI to the star is intercepted by the plane of the rings).
An explanation of the orbital geometry is shown in Figure 1. Some of these values must be calculated
including the critical CASSINI-RPI distance. This is determined by the vector sum of the positions of the
spacecraft and the RPI in Kronocentric coordinates. These positions are in turn calculated from ephemeris
information provided by the CASSINI team with the data. With these values calculated, it becomes possible to
determine the expected lightcurve for a point source target star.
The data recorded by the spacecraft for an unresolved point source would be expected to be a classical
semi-inﬁnite plane diﬀraction pattern. For resolved sources this point source lightcurve is convolved with a one
dimensional projection of the source geometry. Each occulting edge is shown to make these one dimensional
projections in the direction normal to the ring edge as seen in CASSINI’s sky plane.
The data reduction process starts with the need to exclude pixels aﬀected by cosmic rays. It is also necessary
to make measurements of the noise levels present in the data. Once the data has been normalised, it is ﬁtted with
a simple uniform disc model. This model assumes the star is a resolved perfect circle in the sky and is evenly
illuminated across this disc. In order to ﬁt the model, it was necessary to convolve the stellar model integrated
Proc. of SPIE Vol. 9143  91431G-2
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Figure 2. from Fig.5, Paper 1: The ﬁtted uniform disc radii across all observed wavelengths for a single occultation event.
The ﬁtted uniform disc radii are shown in blue with one sigma uncertainties. The red data shows previously published
interferometric measurements.6
into one spatial dimension with the point source lightcurve. The only free parameter in this model is the radius
of the star, which was ﬁtted for all wavelengths. This result was then compared to a similar measurement
performed with aperture masking interferometry on the Keck Telescope6 and can be seen in Figure 2.
Finally, the noise properties of the data have been considered, along with the capabilities of VIMS, to
determine the faint limit for the technique. Inherently limited to bright stars by the 23 cm diameter aperture of
the VIMS infrared telescope, it was shown that at the blue end of the available spectrum (∼1µm) it was possible
to observe stars as faint as ﬁfth magnitude, whilst the red end (∼5µm) it was limited to ﬁrst magnitude stars.
3. THE CIRCUMSTELLAR ENVIRONMENT OF MIRA
The next logical extension to Paper I was to further examine what the Mira observations could reveal about the
circumstellar environment of the star. This work is currently still in progress and this section provides a brief
preview of ﬁndings to date.
The model used to ﬁt data for Omicron Ceti in Paper I was intentionally simple. It was intended to test the
abilities of this technique and to conﬁrm the results it produced. To this end a straightforward single parameter
model which has been used extensively in the literature was found to be ideally suited to the task.
This simplistic model however is clearly not a physically realistic representation of a star known to exhibit a
dusty environment. In order to better understand Mira and its surrounds it was necessary to use more complex
stellar models. A model consisting of a thin spherical circumstellar shell around a uniform disc star has three
free parameters, the ﬁrst being the radius of the star (an excellent starting value can be obtained from the earlier
simple uniform disc ﬁt). The remaining two free parameters are the shell radius, and the integrated contrast
ratio between the star and the shell. Adopting values for both fully speciﬁes the size and fractional intensity
of the shell, allowing a speciﬁc model lightcurve to be compared with the data. The starting values for these
parameters were based on a course grid scans of the χ2 space.
As with the previous model this was ﬁtted across all wavelengths and the results can be seen in Figure 3. This
plot allows a direct comparison between the previous uniform disc model and a uniform disc with a spherical shell.
A key point to note is that the value of stellar radius invariably decreases slightly when the shell becomes more
prominent. It is also evident that the detection of a shell occurs at two discrete radii varying with wavelength.
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Figure 3. The radius of features ﬁtted with a uniform disc model both with and without a circumstellar concentric shell.
The blue line shows the ﬁt to a uniform disc only, as per Paper I. The orange shows the radii of uniform disc with the
addition of a shell. The radii of this ﬁtted shell is shown in red. All error bars show at one sigma to ﬁtted values.
This was taken as evidence of at least nested molecular layers each dominating their own molecular bands.
An examination of the literature showed that these molecular layers correspond to water bands of diﬀerent
temperatures.7,8
The observations were ultimately compared to the state-of-the-art CODEX models of Mira atmospheric
behaviour.9,10 These models calculate spherically symmetric centre to limb proﬁles of M-type (oxygen rich)
Mira variable stars. The particular model used, ‘o54’, is designed to speciﬁcally match the behaviour of this
star. The models were compared by using the centre to limb proﬁles to build an image of the star as it would
appear on sky. This image was occulted to produce a model lightcurve which was ﬁtted to the same models
as the observations. Overall the CODEX models provided a reasonable match to the VIMS data in both the
spectral and spatial domain. The only substantial variation occurred at around 4.4µm where the uniform disc
ﬁt to observations showed a large increase in size which was completely absent in the CODEX ﬁts of the same
models. This feature was determined to be due to an extended cool CO2 layer
8 and discussions with the authors
of the CODEX models found they had explicitly excluded this molecule from their models expecting it to have
a negligible impact. These ﬁndings will be elaborated on with a deeper analysis in an upcoming paper.
4. KRONOCYCLIC TOMOGRAPHY
Tomography is the process of reconstructing an image from overlapping, single dimensional projections. It has
been used extensively in medical imaging for decades as a non invasive way to view the shape and structure of
internal organs. Here we employ similar techniques to recombine one dimensional brightness proﬁles recovered
from VIMS stellar occultation observations into high resolution two dimensional images of the stellar source and
its circumstellar environment.
The application tomographic image reconstruction techniques to VIMS data requires several steps. The ﬁrst
of these is to determine the brightness proﬁle of the source star from occultation observations which is detailed
in Section 4.1. Finally Section 4.2 shows how these can be combined tomographically to recover an image.
4.1 Model Independent Brightness Proﬁle Recovery
A brightness proﬁle is a projection of the two dimensional image of the star in the sky-plane in a particular
direction. Paper I demonstrated how a simple model brightness proﬁle is recovered. The use of stellar models is
ideal for measuring circumstellar structure, but is only capable of identifying structure explicitly included in the
models.
For the purposes of trying to obtain a tomographic image free from model enforced structure, a brightness
proﬁle independent of stellar models is required. Ideally this would be the deconvolution of the observed lightcurve
with the point source lightcurve. Unfortunately deconvolution produces non-unique solutions and is severely
undermined by the presence of even small amounts of noise. For this reason, instead of performing a relatively
straightforward Fourier deconvolution we have been required to seek alternatives to recover model independent
brightness proﬁles.
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Figure 4. Diﬀerent Maximum Likelihood ﬁtting methods used for brightness proﬁle reconstruction. Each row shows results
of a diﬀerent algorithm in a diﬀerent colour with the bottom row being a weighted mean of all. Each column shows a
diﬀerent signal-to-noise decreasing to the right. The numbers in the top left of the ﬁtted boxes are the reduced χ2 and
the standard deviation of the absolute value of the derivative as a measure of spikiness. The black curves in each plot is
the ‘perfect’ pre-convolved brightness proﬁle before any noise has been added, and is thus what we are ultimately trying
to recover.
Fitting one-dimensional model independent brightness proﬁles requires that each spatial pixel of the source
object is allowed to vary in intensity. This results in a model with as many free parameters as there are data
points. Each point is given a range of zero to one with the resultant proﬁle being convolved with point source
lightcurve to produce a model lightcurve. These are in turn compared to the observed lightcurve to determine
a ﬁgure of merit.
Fitting many free parameters with minimal constraints to limited data in an eﬃcient manner is a diﬃcult
problem. This diﬃculty has been approached using Scipy ’s optimize module’s minimize function. This is a set
of maximum likelihood ﬁtting algorithms which are a native part of the Scipy scientiﬁc computing environment
for the Python language. This approach was chosen for the ability to compare several diﬀerent algorithms for
ﬁnding the maximum likelihood. Figure 4 shows a comparison between some of these methods for a synthetic
lightcurve with changing levels of noise. Each of these algorithms has been passed the same bounds, between
zero and one and given the same input parameters. The merit function for all methods is also common and tries
to minimise the reduced χ2, and the standard deviation of the absolute value of the derivative (as a measure of
‘spikiness’), whilst ensuring that the edges are close to ﬂat and near to zero. Figure 4 demonstrates the diﬀerent
solutions provided by the diﬀerent algorithms, and the improvements to the reconstruction gained by applying
a weighted mean. It also shows the decrease in the quality of the resultant ﬁt as the noise levels rise and the
signal to noise ratio decreases. At a SNR of 100 we are able to recover the overall structure of the brightness
proﬁle is recovered with the introduction of minimal spurious artefacts and down to a SNR of 10 we are able to
recover the approximate envelope of the brightness proﬁle. When the noise is higher than this level it dominated
the ﬁtting process and no useful meaning was found in the brightness proﬁle recovery.
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Figure 5. A three colour tomographic reconstruction of Mira. The Red, Green, and Blue represent reconstructions at 2.0,
3.3 and 4.7 µm respectively. The bright core of the star can be seen to be surrounded by cooler layers which correspond
to the shells detected in the one dimensional brightness proﬁle model ﬁtting.
4.2 Tomographic Reconstruction
Once brightness proﬁles have been recovered (Section 4.1) they can be used to recover stellar images with
tomographic techniques. Tomography is essentially a two step process consisting of (1) back projection, and (2)
regression. Back projection takes the available projections, in this case stellar brightness proﬁles, are projects
them over each other in the appropriate directions. Each projection is ﬁrst registered against a centred two
dimensional Gaussian function which is suﬃcient for objects known to be dominated by a bright core with
fainter extended structure. The overlapping proﬁles form into a crude image of the object where more projections
and increased angular diversity provides a visibly better quality image. With limited projections and angular
diversity the regression step is crucial. This allows for the image to be modiﬁed in some way, such a smoothing
or concentrating, whilst maintaining the ﬁt to the back projections.
Tomography, as quite a mature ﬁeld, has many existing algorithms and tools capable of recovering images from
well sampled data. Unfortunately the sparse level of angular diversity generally available in these observations
excludes most of these algorithms. The back projection step is relatively straight forward and poses no challenges,
but the selection and implementation of a suitable regression algorithm is much more complicated. The Scikit-
learn project oﬀers machine learning regression algorithms in Python which were found to be suﬃciently versatile
and capable for image reconstruction with this data.11 Speciﬁcally we selected their implementation of an elastic
net linear regularised regression algorithm which combines the pre-existing L1 and L2 penalties used in lasso and
ridge methods.12 The selection of this regulariser was made after extensive testing of reconstructions of known
objects and found to visually provide the lowest level of background artefacts and the most deﬁned structure.
An example of a Tomographic reconstruction of Mira is given in Figure 5. It clearly shows a bright core
surrounded by the larger, cooler layers measured in ﬁtting of one dimensional brightness proﬁles. This work is
still developing and will be detailed extensively in an upcoming publication.
5. CONCLUSIONS AND FUTURE DIRECTIONS
The advances made in this project since the publication of Paper I have continued to demonstrate the exceptional
abilities of this novel technique. We have managed to identify and resolve molecular layers in the circumstellar
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environment of Mira whilst also contributing to the ongoing reﬁnement of the state-of-the-art CODEX models
of how these atmospheres behave. Beyond this we have demonstrated the potential of combining occultations
by diﬀerent edges tomographically to reconstruct high resolution images of the source star.
As the project continues for the remaining few years of CASSINI’s mission, we expect to be able to continue
to identify interesting stellar targets which stand to beneﬁt especially from analysis with this unique technique.
Evolved stars with signiﬁcant molecular structure, such as Mira Variables are ideally suited, as they are shown
to exhibit strong water features which makes their study from within the Earth’s atmosphere especially diﬃcult.
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APPENDIXC
14th Australian Space Research
Conference 2014
This paper is based on a presentation given at the 14th Australian Space Research
Conference in Adelaide, October 2014. It was comprehensively peer reviewed and presents
an outline of Australia’s place in the global space industry, the open data movement, and
an overview of the state of model fitting and tomography, as well as the first introduction
to the recovery of stellar spectra. It was published in the proceedings of the conference is
referred to herein as ASRC2014 .
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Summary: Australia is significantly under-represented in space research globally. It is,
however, possible for local researchers to use the public archives of the major space agencies to
perform state-of-the-art research with large-scale multinational spacecraft, to which Australia
is not a contributor. Taking advantage such public data we demonstrate the recovery of flux
calibrated stellar spectra spanning the near infrared using observations from the Cassini
spacecraft. In spite of the poor transmission of the atmosphere in the near infrared, there
has yet to be a dedicated space telescope to provide a spectroscopic survey. Using these
recovered spectra from Cassini observations we report on a pilot study to close this gap for
many of the brightest stars. We demonstrate the use of stellar occultations by Saturn’s rings
to measure the size of molecular layers in the atmosphere of evolved stars. The use of this
occultation technique to perform high resolution imaging using tomography is also shown.
Keywords: Cassini, Mira, Stellar Spectra, Stellar Imaging, Evolved Stars
Introduction
Cassini is a flagship-class spacecraft which was a joint mission between NASA, ESA and
ASI (Agenzia Spaziale Italiana) to study Saturn and its complex environment. This includes,
but is not limited to the planet’s moons, rings, and magnetosphere. The $3.3 billion dollar cost
of this mission was shared between these agencies in a 80/15/5 % split. As Australia is not
a contributor to the mission, there is little room to be directly involved with the remarkable
science produced. Nevertheless, it is possible to take advantage of NASA’s open data policy
to obtain data acquired with this spacecraft.
Amongst the most detrimental factors affecting the ability for astronomers to observe
the stars is the Earth’s atmosphere. It degrades starlight both with its physical motion, and
molecular absorption and emission, which is dominated by H2O and CO2 in the near infrared.
Therefore, as Cassini is far beyond any atmosphere, it is ideally situated for observing the
stars. Stellar science is not within the intended mission envelope of the Cassini mission,
so it has not been designed for this purpose. However, there exists an extensive archive of
observations including stars, which were acquired for either calibration purposes or as part
of studies of the Saturnian system which can be analysed for stellar science.
This first section is a discussion of Australia’s global standing in space research and the
flourishing open data movement. This is followed by the detailing of the use of Cassini’s
on-board near infrared spectrometer to observe stellar spectra. Stewart et al. [1] showed that
Cassini can also be used for measuring spatial information of target stars. It was demonstrated
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that archival observations of a stellar occultations by the planet’s rings yielded a measurement
of the stellar angular diameter. The final section describes new enhancements made to this
technique, enabling measurements of the spatial structure of circumstellar environments and
in particular combining this technique with tomography to recover 2D images of stars.
Australia’s Place in Global Space Research
Historically Australia was one of the early adopters in the space industry. The WRESAT
satellite was designed, built, and launched by Australians from the Woomera Test Range. This
1967 launch made Australia the fourth country to launch their own satellite from their own
territory, albeit with a modified US Redstone missile, donated for the launch. Unfortunately
there have only been a small number of Australian designed and built satellites launched since.
Most of these were for telecommunications use by Optus, and have been on-off devices.
Table 1 details the space research spending of the world’s twenty largest national economies.
Of these twenty richest countries, Australia is one of three which has no national space agency,
and the only one which has no plans to join a multinational organisation. This complete lack
of Australian commitment limits the active involvement in large scale space exploration for
Australians. It also makes Australia entirely dependent on the grace of foreign powers for
satellite access in support of critical factors such as weather, communications, and defence.
The Open Data Movement
Fortunately there is an opportunity for Australian researchers to take advantage of the
remarkable work of other nations and still contribute to the field. This opportunity comes in
the form of “Open Data”: the idea that certain kinds of data should be publicly available for all
to use without restriction or charge. In line with this principle, several of the major agencies
endeavour to make their data publicly available. The ESA member countries mostly use ESA
for their data archives, which can be found at the Research and Scientific Support Department
website, rssd.esa.int. JAXA makes data from Japanese missions available at darts.isas.jaxa.jp.
CNES publishes data for French only spacecraft, which can be found by searching smsc.cnes.fr
for the specific mission (e.g. CoRoT).
NASA has the largest and most varied set of databases which are indexed at data.nasa.gov.
The work in this paper takes advantage of the Planetary Data System’s (PDS) Imaging Node
Atlas found at pds-imaging.jpl.nasa.gov although there are many other databases for many
different kinds of datasets. The PDS is the location for all public Cassini data from all twelve
of its instruments. Data are released to the public through the PDS by JPL (NASA’s Jet
Propulsion Laboratory) and the individual instrument teams every few months. Usually the
data in the release are around two years old at this time, allowing the instrument teams a
secure priority on any science results to be obtained from the observations. The PDS imaging
atlas enables fine detail searching of the extensive catalogue of observations. It is possible
to refine a search by the expected instrument, observing modes, celestial coordinates, and
other constrains, allowing for the identification and acquisition of specific datasets. These
datasets do not contain any reference to a proposal, or request, so the specific purpose of the
observations is usually not known. The PDS also provides some limited data reduction and
processing tools, however these are not relevant to our project.
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Stellar Spectra with Cassini
Amongst the excellent suite of instruments on-board Cassini is a compound spectrometer
spanning the spectrum from 350nm to 5.1µm. This instrument is known as the Visible
and Infrared Mapping Spectrometer (VIMS) and is comprised of two bore-sighted telescopes
feeding independent spectrometers. The smaller telescope, with a 4.5 cm diameter aperture
observes 0.35-1.05µm in 96 channels, whilst the larger, with a 23 cm diameter aperture
observes 0.8-5.1µm in 256 channels providing broad and coarse spectral sampling [20]. VIMS
is an imaging spectrometer, designed for hyperspectral imaging of surfaces and atmospheres
within the Saturnian system.
This part of the spectrum is highly contaminated when observed from the ground mainly due
to absorption and emission from H2O, CO2 and molecular oxygen. Other contributors include
Rayleigh and Mie scattering which produce wavelength dependant partial opacity. For this
reason stellar spectroscopy in these wavelengths tends to be limited to telluric windows where
the atmosphere is relatively transparent. Alternatively it is possible to use a space platform
to make such observations. ESA’s Infrared Space Observatory (ISO) was a survey telescope
capable of observing this spectral region redward of 2.4µm. The International Ultraviolet
Explorer (IUE) performed a similar function beyond the blue end of VIMS’ range, without
overlapping. Whilst the Hubble Space Telescope is capable of observing in these wavelengths,
it is not a survey telescope so many stars have not been observed. DIRBE (Diffuse Infrared
Background Experiment) on COBE (Cosmic Background Explorer) performed a broadband
photometric survey to provide stellar magnitude at certain wavelengths within this region,
rather than spectra for the brightest stars. As a consequence, VIMS has a unique opportunity
to record spectra for stars in this spectral region, providing data unobtainable from any other
source.
As part of an internal calibration and instrumental monitoring programme, VIMS has been
used to observe many of the brightest stars in the sky since its launch over 17 years ago.
These observations were never intended to be used for stellar science, but due to the unique
opportunity VIMS potentially provided to the stellar astrophysics community the authors
decided that the entire archive of such observations should be flux calibrated and published
as a spectral atlas. Such an atlas is expected to have substantial scientific value far beyond
the goals of the Cassini mission. Most of the stars which have been observed are evolved
Carbon stars, Mira variables, and M and K giants, as well as some main sequence A stars,
and nearby G stars.
Upon investigation, it was discovered that the visible data from VIMS-V rarely had suf-
ficient signal-to-noise to be able to compete with existing ground based observations, so
it was decided to focus only on the 256 spectral channels in VIMS-IR. The process for
calibrating VIMS spectra is well established for the kinds of observations usually made, which
is filled pixel imaging of atmospheres, rings or solid surfaces [21]. This calibration process
needs modification for underfilled pixels, as occurs when observing a star, which significantly
underfills VIMS’ large 228 x 493µrad pixel. In the case of an unresolved star, this size is
the diffraction limit of the telescope, which for 3µm light in the infrared channel is 16µrad.
The centres of the pixels are separated on a 250 x 500µrad grid, leaving gaps between.
Without sub-pixel pointing control, the core of the PSF is going to fall partly into these gaps
in approximately 10% of observations. Such an observational configuration prohibits accurate
flux calibration and affected observations are disregarded.
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For the majority of the data, unaffected by the pixel gaps, the calibration process was
relatively straightforward. The raw counts are extracted from the spectral image cube, and the
appropriate background subtraction applied dependent on the instrumental observing mode.
These counts where then divided by the area of the effective aperture of the telescope and
the exposure time producing a spectra in counts/m2/s. This was converted to photons/m2/s by
multiplying by the sensitivity function, a combination of the detector sensitivity and electronic
gain. We then divide by the instrumental bandpass ∆λ and multiply by the photon energy
to produce a spectrum in J/m2/s/µm. Finally this is converted to Janskys (10−26W/m2/Hz) in
order to make comparisons to existing spectra in the literature, specifically ISO [22]. These
recovered spectra were directly compared to overlapping DIRBE photometry and found to
generally agree to within 1%.
Example Spectra
Figure 1 shows the recovered spectra for 10 evolved stars of varying types. The first 5
plots are of pulsating variable red giants with spectral classifications M4.5, M6, M6, M3 and
M5.5. CW Leo (or IRC+10216) is a known carbon star with a spectrum very close to a black
body due to its thick dusty envelope. L2 Pup is an M5 semi-regular pulsating star and the
remaining plots are of different types of Mira variable. The dominant peaks and dips in the
spectrum below 2.4µm reveal water molecules in the stellar atmospheres, whilst the shape at
longer wavelengths can reveal the abundance of other molecules, primarily CO (∼4.2-4.8µm),
CO2 (∼4.2-4.5µm) and OH (∼3.0-3.6µm) [23].
The spikes appearing in some of the spectra at the red end are due to low signal levels as
both the stars get faint and the instrumental sensitivity drops. These occur due to a division by
the instrumental sensitivity function on pixels where only a few detector counts are recorded.
Hot pixels in the detector are the cause of the spikes that occur in some of the spectra at
around 1.3 and 2.1µm. The gaps visible in each spectra around 1.6, 3.0 and 3.9µm are
caused by partial obstructions due to filter edges within the instrument and are excluded. The
spectra are too coarse to resolve individual lines, but do allow for the detection of spectral
bands and broad photometry. In the 2 Cen plot there are four crosses indicating comparable
photometry obtained with the DIRBE instrument on board the COBE spacecraft [24]. These
crosses fall almost exactly onto the recovered spectra validating the recovery process.
Spatial Information from Cassini Stellar Occultations
One of the VIMS’ observing modes involves staring at a background star as features of the
Saturnian system intersect this line of sight. These events are known as stellar occultations
and have been used extensively to study the planetary rings [25], [26]. From the Earth, the
Moon has been used as an occulter for the study of the heavens since antiquity, with limited
use of Lunar occultations for modern scientific stellar studies occurring over the last half
century [29].
Stewart et al. [1] demonstrated the use of stellar occultations by Saturn’s rings with VIMS
for the study of the stellar source. The starlight is diffracted by sharp edges within the rings,
such as the edges of gaps and ringlets, producing a Fresnel diffraction pattern. This pattern
is recorded by Cassini as it moves along its trajectory producing a lightcurve, which is the
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Fig. 1: Some example recovered spectra. The horizontal axis is wavelength in microns and
the vertical axis is the calibrated intensity in units of 103 Janskys. The plot labels include
the star name, followed by the ‘sequence’ they were observed in. ‘C’ and ‘S’ letters denote
successive planning sequences for when the spacecraft was in cruise to the planet, or the
time in orbit around it respectively. The red crosses in the 2Cen plot show corresponding
DIRBE photometry.
convolution of the brightness profile of the source and diffraction pattern of a point source with
the same occultation event orbital geometry. Determining this geometry makes it is possible
to produce this point source lightcurve allowing the recovery of the stellar brightness profile.
Using certain sharp edges within the ring system, angular diameter of the source star Mira
were measured through the fitting of a simple model. This star is the archetype of the Mira
variable class of stars, which are known to exhibit large variations in both size and luminosity
with a period usually around one year. Such stars are known to be responsible for up to 75%
of the chemical enrichment of the interstellar medium, and to eject dusty circumstellar shells.
Figure 2 shows a comparison between Cassini-derived size spectrum and measurements
acquired using terrestrial interferometry. The model used to fit these data is a simple uniform
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Figure 4. The Observed lightcurve in three bands (2.26, 3.06 and
4.39µm) for the Encke Gap inner edge occultation on the egress
of orbit 8 with 1σ error bars (orange solid). A fitted Uniform
Disc model (blue dashed) is also plotted against the normalised
left hand scale. The residuals of the fit are plotted in green (dot-
ted) with an expanded scale in the same units on the right. The
horizontal axis shows the position of the RPI from the ring edge
as projected into the sky-plane of Cassini.
For particularly fast occultations a point source
lightcurve becomes a simple step function. In this geomet-
ric optics regime the effects of diffraction can be neglected.
Consequently a model independent brightness profile can be
recovered simply by differentiating the observed lightcurve.
Using such a geometric optics approximation for our VIMS
data was found to be valid for the fastest events, but caused
errors of up to 6 σ on model fits for slow well-sampled events.
Because most events fell into a regime where diffraction
needed to be considered, the same code was applied uni-
formly to all data modelled here.
3.3.1 Fitting for Stellar Radius
A simple uniform circular disc model with a single free pa-
rameter – the stellar radius – provides a simple and ro-
bust measurement of overall size while also offering direct
comparison with a wide variety of literature estimates. The
shape of the χ2 space in the vicinity of the likely radius was
found to have an unambiguous single minimum. The aim
of model fitting is to find the radius of the model which
gives this minimum. Initial limits were set both significantly
above and below the expected result, allowing the minima
Figure 5. The fitted uniform disc radii across all observed wave-
lengths for a single occultation event. The fitted uniform disc
radii are shown in blue with one sigma error bars. The red data
shows previously published interferometric measurements from
Woodruff et al. (2009).
to be identified with high accuracy in few iterations using a
search based on the bisection method of root finding. This
provided significantly higher accuracy and much greater ef-
ficiency than a grid search.
Figure 4 shows typical examples of fitting a uniform
disc model to lightcurves at three different wavelengths
in one observation. These three bands are representative
of the changes in angular size observed. These bands are
2.26µm which is amongst the smallest observed angular
sizes, 3.06µm which shows a moderate amount of circum-
stellar extension and 4.39µm which corresponds to the
largest observed size and the most extension. For the most
part, the fits are very close to the shape of the observed
lightcurve, although there are some significant residuals re-
maining in the vicinity of the geometric edge, especially for
wavelengths which correspond to larger angular sizes. This
suggests that a uniform disc provides a reasonable first-order
fit, but that it is not capable of reproducing much of the fine
structure contained in the data. In particular the shape of
the lightcurve in the most critical regions at star’s edges are
not accurately modelled, with the peaks of the residuals be-
ing an order of magnitude higher than the RMS noise levels
of 2.1× 10−3, 3.2× 10−3, and 7.9× 10−3 in order of increas-
ing wavelength. The worst excursions in the residuals occur
at the leading and trailing edges of the disc, suggesting that
the hard edged uniform disc model is a relatively poor repre-
sentation, and a softer edge, either through limb darkening,
the existence of circumstellar structure, or a combination
of these may fit better. Despite its shortcomings, a uniform
disc fit gives a useful and uncomplicated gauge of the overall
apparent size of the star, and is furthermore very important
in comparing our results with literature values in which it is
almost universally used.
3.3.2 Polychromatic Fitting
The angular size of the star at all observed wavelengths was
measured by fitting a uniform disc model to each recorded
band as shown in Figure 5. As noted above, the observed an-
gular size of the star varies substantially with wavelength,
meaning that the star appears to be different sizes depend-
ing on the observed colour. The three wavelengths shown in
Figure 4 were found to have best fitting radii at 14.8±0.6,
c© 2013 RAS, MNRAS 000, 1–9
Fig. 2: from Fig.5, Stewart et al. [1]: Fitted uniform disc radii across all observed
wavelengths for a single occultation event. The fitted uniform disc radii are shown in blue
with one sigma uncertainties. The red data shows previously published interferometric
measurements [30].
disc, where the star is assumed to be an evenly illuminated circle in the sky. This model
was selected partly for its simplicity, having only a single free parameter. The uniform disc
model is also used extensively for high angular resolution measurements in the literature,
providing a direct comparison to other techniques in spite of not being physically realistic.
Figur 2 illustrates the clear correlation between the measurements usi g VIMS occultations
(in blue) and the literature values (in red). The slightly smaller value found with VIMS across
all wavelengths is likely due to the inherent variable nature of the star.
Complex Model Fitting
As stars like Mira are known to exhibit departures from simple geometries and also to
inhabit dusty environments, the uniform disc model may be an oversimplification. In order to
better understand the circumstellar environment of the star more complex models were fitted.
The first addition to this model attempted is a thin spherical concen ric shell. This shell is
allowed to vary in radius and flux ratio with respect to the star, which has a free radius,
giving the model three free parameters. This model is expected to produce a more realistic
description of the nature of the circumstellar environment of Mira.
Figure 3 shows the results of this more complex model fitted over all wavelengths. The
first thing to note from this plot is the reduction in the size of the fitted uniform disc once the
shell is added (orange versus blue). This is due to some of the flux previously counting as
the outer parts of the disc now being bel nging to the shell. It is a so important to note that
the radius of the single shell falls into two discrete wavelength-dependent levels. The inner
of these detected shells is around twice the radius of the disc (∼28 mas), whilst the outer is
around five to six times the disc radius (∼70 mas). The existence of different shells being
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Fig. 3: The results of fitting a uniform disc model both with and without a circumstellar
concentric shell. The blue line shows the fit to a uniform disc only, as per Figure 2. The
yellow shows the radii of uniform disc after the addition of a shell. The radii of this fitted
shell is shown in red. All error bars show at one sigma to fitted values.
dominant at different wavelengths reveals the thermal and molecular nature of these features,
with both shells found to correspond to hot H2O layers, the inner at ∼2000 Kelvins, and the
outer reaching only ∼1200 Kelvins [23].
This relatively modest increase in model complexity has yielded a major enhancement in
understanding the nature of the star. We have been able to measure the radius of circum-
stellar shells and determine their molecular composition and temperature due to the spectral
observed dependence. Models allowing asymmetries and more complex morphologies are
being investigated and will be presented in an forthcoming publication.
Tomographic Image Reconstruction
Tomography is a technique that uses overlapping projections in order to build a higher-
dimensional image. With these observations, high resolution two dimensional images of the
source star can be recovered using overlapping projections obtained from different ring edges.
As the star is observed to pass behind the rings, it encounters many hard edges, and each of
these yields a one dimensional projection of the star in a different direction. This direction
is calculated to be an angle relative to the terrestrial celestial north, the direction towards
the Earth’s celestial north pole from any point in the sky. This angle of projection is in the
direction normal to the ring edge as observed from Cassini’s sky plane. Each of the one
dimensional projections is a unique, but overlapping profile of the star. Figure 4 shows a
comparison of projection angles available to two occultations of the rings with similar orbital
geometry.
The models used above to determine the spatial structure of the circumstellar environment
are very effective at parameterising the modelled features. However, they also enforce such
structure in the brightness profiles, even in cases where it isn’t realistic. By fitting a model-
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Fig. 4: from Fig. 3 Stewart et al. (2014 Submitted). A comparison of angular diversity for
representative occultation geometries using indicative edges. The long red vectors indicate
the apparent trajectory of the star behind the rings. The short cyan vectors identify the
normal to some of the occulting edges the star would pass in these events. (a) shows a
minimal occultation with only two edges that are parallel. (b) shows an almost identical
orbital geometry, with vastly different angular diversity. The cyan vector clusters to the top
left of each shows an angular diversity rose, a quick visual method to compare angular
diversity between observations. Base image: PIA10446 [31]
independent brightness profile to each of these projections we have have a vision of what
the star would look like, without any enforced structure. This is important for the imaging
process in order to prevent the imposition of spurious structure.
These overlapping one dimensional projections and model-independent brightness profiles
provide the requisite inputs to perform tomographic image reconstruction. The use of tomo-
graphic imaging within medicine is quite mature, although the use of most existing tools
requires significantly higher density and uniformity of projection angles. For this work the
Scikit-learn [32] project’s machine learning regression algorithms, implemented in Python
were found to be sufficiently versatile for the data available. The process can be repeated
for each spectral channel enabling high angular resolution hyperspectral imaging of stellar
targets. The full details of the image reconstruction process is presented in Stewart et al. (2014
Submitted).
Figure 5 shows the results of a tomographic image reconstruction revealing a high resolution
image of Mira. The star and inner shell are seen to be surrounded by a much larger shell.
This image exhibits the same shells measured with models above. The outer shell is seen to
have a large degree of asymmetry, with significantly more flux in the north-east of the image.
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Fig. 5: A three colour tomographic reconstruction of Mira. The Red, Green, and Blue
represent reconstructions at 2.0, 3.3 and 4.7 µm respectively. The bright core of the star
(white) can be seen to be surrounded by cooler layers (red and green) which correspond to
the shells detected in the one dimensional brightness profile model fitting.
Conclusion
Table 1 demonstrates quite clearly that Australia is lacking in the opportunities to be
involved in space research. In spite of this unfortunate situation, it has been shown that
taking advantage of the open data policies of the major global space agencies is one potential
avenue in which Australians can be directly involved with cutting-edge space science. Using
such data, we have demonstrated the recovery of flux-calibrated stellar spectra spanning the
near infrared. We have also shown advances to the technique since Stewart et al. [1]. These
include the expansion of the model being used to allow for more complex circumstellar
environments, and the use of model-independent brightness profile fitting and tomographic
image reconstruction to recover high resolution images of Mira and its circumstellar shells.
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